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1 Model Overview

PATHWAYS is a lehgrizon energy model developed b¥nergy and

Environmental Economics, In&J that can be used to assess the cost and

greenhouse gas emissiodsY LJ- OGa 2F /Tt AFT2NYAlI Qa4 SySNBH@
choices. The model can contextuelithe impacts of different individual energy

choiceson energy supply systems (electricity grid, gas pipeline) and energy

demand sectors (residential, commercial, industrial) as well as exathie

combined impact ofdisparate strategies designed to acleevdeep de

carbonization targetsThis document provides an overview of the California

PATHWAYS modeling framework and methodgldgata input sourcesand

scenario assumptions are documented in a separate appendix to the California

Air Resources Board 20B0oposed Scoping Plan

This methodology report is structured around the key elements of the PATHWAYS
modelas illustrated irFigurel. Sectior? describesnergy demand sectors and
sources of energgemand data, SectioBdescribesnergy supply infrastructure

and fuel types and Sectiof discusses nognergy, norRCO2 greenhouse gas
emissions. This section describes the basic modeling framdwuotilized in
PATHWAYS to synthesize energy demand and energy supply options to calculate

greenhouse gas (GHG) emissions and energy system costs for each scenario.
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Figurel. Basic model framework

Total GHG
emissions;
Energy system

costs

Non-energy,

Energy Demand Energy Supply non-CQ GHG
emissions

1. Energy Demandprojection ofenergy demand for ten final energy types.
Projected using an activibased approach, witha stock roll-over

accounting of the stock of energy ende technologiefn most sectors

2. Energy Supplyinformed by energy demand projections. Final energy
supplycan be provided by eithefossil fuelprimary energy types (oil,
natural gascoal) or by decarbonized sources and processes (renewable
electricity generationbiomass conversion processearbon capture and
sequestration). The eergy supply module progs costs and GHG

emissions of all energy types.

3. Nonenergy, nonCQ GHG emissionsExamples of noenergy GHG
emissions include methane and-® emissions from agriculture and

waste, refrigerant fgases, and emissions from cement production.

4. Summary Ouputs: Calculationof total GHG emissionand energy

systemcosts (eneuse stocks as well as energy costs). These summary
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outputs are used to compare economic and environmental impacts of

scenarios.
PATHWAYS projects energy demand in aightandsectorsshown inTablel.

Tablel PATHWAYS Demand Sectors

Residential Petroleum Refining
Commercial Agriculture
Industrial WaterEnergy and  Transportation,

Communication, and Utilities (TCU)

Transportatbn Oil & Gas Extraction

For those sectors that can be represented at the stock levebsidential,
commercial, and transportatiorg PATHWAYS models a stoaMl-over of
technologies by vintage fandividual subsector (i.e. air conditioners, light duty
vehicles, etc.). Faall other sectorsPATHWAY®&ilizes a regression approach to
project energy demand out to 2050. These two approaches are utilized to project

ten final energysupplytypes {Table2).

Table2 PATHWAYS Final Energy Types

Final Energy

Electricity Gasoline

Pipeline Gas Liquid Petroleum GasPG
Compressed Pipeline Gas Refinery and Process Gas
Liquefied Pipeline Gas Coke
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Diesel Waste Heat

These final energy types can be supplied waiety of different resources. For
example, pipeline gas can bapplied withnatural gas, biogas, hydrogen, aod/
synthetic natural gas (produced through powergas processes). These supply
composition choices affect the cost and emissions profileasth final energy
type. Likewise, gasoline can be supplied with fossil gasoline or renewable
gasoline; diesel can be supplied with fossil gasoline or renewable diesel;
electricity can be supplied with natural gas, coal, hydroelectric power, renewable

power, etc.

© 2017 Energy and Environmental Economics, Inc. Page| 7]



2 Final Energypemand
Projections

2.1 Stockroll-over methodology

The basic stockoll-over methodology is used both in the developmenttbg
demand unit projections as well dise supply unit stock analysis. For example,
PATHWAY&ses a stockroll-over functionto project square feet of indoor space
and use a stock rolover function to estimate the stock efficiency of air
conditioners used to cool that indoor space. The basic mechanics of stock roll
over are used throughout the model in estimatibgsic energy service demands,
calculating current and future baseline stock efficiencies, and calculating the
impacts of mitigation measures. The stock rollover modeling approach
necessitatesnputs concerning the initial composition @efjuipment(vintage, fuel

type, historical efficiencies, etc.) as well as estimates of the useful lives of each

type of equipment

Stock rolover functionsare determined by technology useful lives, scenario
defined sales penetration rates, and the shapes of those saaetmations (S
curves that might more closely mirror market adoption; and linear adoptions that
may more accurately reflect policy instruments). Given that the model is
designed to provide information on the technologies necessary to reach long
term carba goals, thesadoption rate input assumptiorare not forecasts: they
are not dynamically adjustetb reflect consumer preference, energy costs,

payback periods etc. which might inform technologicaladoption rates in
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Final Energy Demanddgections _

practice PATHWAY®odek a stock rdlover at the technology level for a limited
set of subsectors in which homogeneous supply units could be determined (i.e.

residential water heating).

The Residential, Commercial, and Transportation modules include retboker
functionalitythat govens changes in technology stocks and sales over time. The
stockroll-over mechanism determines the technology composition of stock and
sales for equipment; it does not impact the total (aggregate) stock trajedtany.
example, v use thisstock roll-over process to determine the composition of
both the existing (pre2010) and future (201-2050) stock of residential buildings
and equipment. For buildings, changes in stock composition include both housing
type (single family, muliamily, mobilehome) andvintage. Different housing
types have different energy service demands and average floor areas. Across
housing types, building shell efficiency improves over time with increasing
vintage, while increases in floor area increase energy sedéognd forsome

energy end uses. End use equipment efficiency generally improves with vintage.

The Transportation Module includesstock roll-over mechanism that governs
changes in omoad (LDV, MDV, and HDV) vehicle stock composition, fuel
economy, fuel switchip opportunities, and vehicle costs over time. The
mechanism tracks vehicle vintage the year in which a vehicle was purchased
T by vehicle sulrategory.Thetotal stock trajectoryis an input to theroll-over
logic. Other key inputs include the usefuloeomic life of equipment, user

defined measures, and baseline stock shares.

Baseline stock shares specify: 1) the initial technology stock composition; and 2)

the technology composition of new growth absent any diggut measures. In

© 2017 Energy and Environmental Economics, Inc. Pagel| 9]



the Baseline, the Iseline stock shares determine market shares throughout the
analysis timeframe. In other scenarios, the stock-oskr mechanism adjusts
market shares and, thereby, technology composition of equipment stock based

on userdefined measures.

Figure2 shows the key components of tistockroll-overlogic and the relations

among them.

Figure2: Overview of Stock Retiver Mechanism

Inputs Stock Roll-over Outputs
Total Stock New Growth
by tech, vintage Sales
by tech
by tech, vintage,
pemee ] | e | ca
- e Retirement Replacement -
Stock
by tech by tech. year by tech, vintage, by tech, vintage
year

Technology — I}ytec:; :lrntage,
Useful Lives atura j Natural
Retirement

Replacement

by tech by tech, vintage, by tech, vintage

year

Baseline
Stock Share .

by tech

PATHWAYS derives adjusted market shares from-defered measures. By
aggregéing market share impacts across measures, PATHWAYS calculates

aggregate replacement schedules that capture market share deviations from the
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Final Energy Demand Projection _

Baseline scenario. These schedules drive the stoclovetl calculations and

outputs.

PATHWAYS captures naturadcdy of equipment over time using a Poisson
distribution, with a meanl(;) equal to the expected useful life of the building or
equipment. The equipment natural retirement ratio,B, of vintagev in yeary

for technologwt is given by the following fonula:

Equationl

~s !
PAR R GTD pA
We use the Poisson distribution as an approximation to the survival functions in
the NEMSResidential Demand Module, which are based on a Weibull distribution
fitted to the linear survival functions storically used in NEMS.The Poisson
distribution has a rightkewed density function, which becomes more bell
shaped around ; at higher values of: (i.e. longer expected lifetimes). Survival
functions, both in PATHWAYS and NEMS, are a significanesafiuncertainty.
This uncertainty plays a smaller role in analyses with long timeframes relative to

equipment useful lives.

Tracking equipment vintages is central to the stoakl-overover logic.
PATHWAYS estimates the initial technology compositfastock by vintage by

applying the baseline stock shares and using the survival function to determine

1IC2NJ Y2NB 2y (GKS FLILINBIFOK dz&ASR Ay b9a{z a
Module of the National Energy Modeling 88YY a2 RSt 52 O0dzySy i
http://mwww.eia.gov/forecasts/aeo/nems/documentation/residential/pdf/m067(2013).pdf

§S ! o{d 9ySNHe Ly
FGA2Y wHnmoZIé b2 @
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the percentage of stock from each historical vintage that would not retire prior
to the initial analysis year. The initial analysis year varies by eguiptype based

on useful lives, but it is typically between 1950 and 1986.

The rollover mechanism steps through each analysis year and dynamically

calculates five key variables by technology and vintage:

1 Natural retirement: Natural decay of equipment byintage and
technology, consistent with the Poisson survival function. If two
technologies have the same useful life and there are no applicable early
replacement measureghe same percentage of a given vintage of these
technologies will retire each year.

1 Earlyretirement: Early equipment retirement due to usdefined early
replacement measures. For all remaining technologies purchased before
the userdefined cutoff year, PATHWAYS retires a portion of equipment
equal to the usedefined annual replacemematio, by vintage.

1 Natural replacement Sales to replace naturally retired equipment. In the
absence of usedefined natural replacement measures, PATHWAYS
replaces each naturally retired equipment with equipment of the same
technology. In the presence ofiserdefined natural replacement
measures, replacement schedules determine deviations of replacement
technology composition from retirement technology composition. In the
event that the total stock decreases relative to the prior year, natural
replacementsales are reduced pro rata across technologies.

1 Early replacement Sales due to usetefined early replacement
measures. Generally, all useefined early replacement technologies

replace all earlyetired technologies. If total stock decreases relative t
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Final Energy Demand Projection _

the prior year, PATHWAYS reduces natural replacements before early
replacements. If the total stock decreases by more than would be
commensurate with natural retirement, early replacement sales are
reduced pro rata.

1 New growth Sales due to new adoptipi.e. equipment purchased for a
reason other than replacing retired equipment. Any increase in total
stock relative to the prior year constitutes new growth. Absent user
defined measures, baseline sales shares determine technology
composition of new groth. In the presence of usatefined natural
replacement measures, replacement schedules determine deviations of

new growth technology composition from these baseline stock shares.

After calculating these five variable for each year, vintage, and technology

PATHWAYS calculates total sales by the following formula:

Equation2
"YOUQID DO OVORADOQRAIQODUD) & OOQA QE O

0 QUOI € 0P

Equation 3 presents the calculation of total stock by year, vintage, and

technology:

Equation3

YO £ QY0 ¢ OIQ 0 GO0 0N GEA Q& OO0 WDO QI QF Q& 0
YO Qi

Note that year and vintage are equivalent for the sales variable.

© 2017 Energy and Environmental Economics, Inc. Page| 13|



A simple example facilitates understanding of how #teck roll-over process
drives changes in stock composition and vintage. Consider a region that has 200
homes in 1999, half of which (100) are single family and half of which are-muilti
family. All homes have an expected-yar lifetime. Assume all of the single
family homes were built in 1950, and all mdlimily homes were built in 1960.

At the end of 199, the natural decay ratios for the single and mtdinily homes

will be 0.056 and 0.021, respectivélindicating that 6 single family homes (=100
*0.056)and 2 multF I YAf & K2YS&a oIrfmnn f ndaHmO
Assume, for illustrationthat all eight of these homes will be replaced with single
family homes and that there is no growth in the housing stock. This means that,
in year 2000, there will be 102 single family homes (=¢l6G+ 8) and 98 muHi
family homes (= 102 + 0). 2000, single family homes account for 51% of the
housing stock, an increase from 50% in 1999. All eight homes that are replaced
in 2000 will have a 2000 vintage, and will have higher building shell efficiency than

previous vintages.

We use the samstod roll-over process for end use equipmenitlustrated in
Figure3 for residential water heateswith 16-year expected useful lifetime. Each
wedge in the figure represents an equipment vintage, and each wedge narrows
and eventudly declines to zero as the entire vintage is retired. For instance, the
2013 vintage completely turns over by the early 2046. In this instance, the total

stock trajectoryis governed byhe number of households over time.

2With an expected usefiife of 50 years, the replacement coefficients foryar (i.e., built in 1950) and 4@ar
(built in 1960) homes ar@ — 81 L gnd'Q — 81 ¢, espectively.
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Final Energy Demand Projection _

Figure3. lllustration of stockroll-over process for residential water heaters
(each striperepresent adifferent vintageyear)

18

Water Heater Stock (Millions)

2.2 Residentid

~ z

t1 ¢l 21 {Q wSAARSY(GAlIf a2RdzAZ S A& dzaSR (2 L
consumption, C@emissions, and endse equipmehcosts by census region and

year for the 12 end uses shownTiable3. The first 11 end uses are represented

Fd I 0SOKy2f238 fS@OSts gKAES GKS ahGKSNE ad
basis®

Table3. Residential end uses and model identifiers

Water Heating RES_WH

3GhiKSNE AyOfdRSa OSAtAYy3I Fryas O02FFSS YIOKAYS&T RSKAZYARATAS
home audio equipment, microwaves, personal computers, rechargedglices, security systems, $ep boxes,
spas, televisions, and video game consoles.
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Space Heating RES_SH
Central Air Conditioning RES_CA
Room Air Conditioning RES_RA
Lighting RES_LT
Clothes Washing RES_CW
Clothes Drying RES_CD
Dishwashing RES_DW
Cooking RES_CK
Refrigeration RES_RF
Freezer RES_FR
Other RES_OT

Changes in final energy consumption,.@missions, and end use equipment
costs in the Residential Module are driven by changes to the stock of buildings
and energy end use eqpment, which growroll-over (retire), and are replaced
over time. Stock growth and replacement new stockt provides an
opportunity for efficiency improvements in buildings and equipment, and for fuel
switching through changes in equipment. Users pedresidential C&emissions

in PATHWAY3y implementing measures that change the building and

equipment stock over time.
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Final Energy Demand Projection _

2.2.1 FINAL ENERGY CONSUMNMN

PATHWAYS calculates residential final energy consumption (R.FEC) of different
final energy types in each yeas the product of two terms: (1) housing type
specific unit energy service demand (e.g., dishwasher cycles per year per single
family home in 2025) scaled by an activity driver (e.g., number of dialidy

homes in 2025); and (2) end use equipment &ficy that is weighted by the
market share for a given vintage of a given type of equipment (e.g., the share of

2020 vintage LED lights in total residential light bulbs in 2025).

© 2017 Energy and Environmental Economics, Inc. Page| 17|



Equation4
Y800 6 06 "YO"YO —0 b Y
0 00 000
New Subscripts
e final energy type electricity, pipeline gas, liquefied petroleum g
(LPG), fuel ail
y year model year (2010 to 2050)
i hometype single family home, muHamily home, mobile
home
k end use 12 end uses iffable3
m equipment type based on equipment types specific to the end u:
in Table3
v vintage equipment vintage (1950 to year y)

New Variables

R.FEG

ACT,
ESR,

M Kskmvey

EF Emvey

Table 4 shows
332 OAL

is residential final energy consumption of final energy type
yeary

is an activity driver for home type jin yeary

is adjusted unit energy service demand per unit of\étgt for
home type j for end use k in year y

is the market share for vintage v of equipment type m consun
final energy type e for end use k in year y

is the energy efficiency of vintage v of equipment type
consuming final energype e for end use k in year y

the equipment units, efficiency units, and final energy types
SR gAGK mm 2F GKS mMH NBAARSYOGALlf
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Final Energy Demand Projection _

Table4. Residential Subector Inputs

Equipment units

Efficiency units Final Energy Types

Water Heating Water heater BTUou/BTUjs Pipeline gas,
electricity, fuel oll,
LPG
Space Heating Furnace, radiator, =~ BTUWwu/BTUin Pipeline gas,
heat pump electricity, fuel oil,
LRG
CentralAir Central air BTUou/BTUj, Electricity
Conditioning conditioner, heat
pump
Room Air Room air BTUu/BTUin Electricity
Conditioning conditioner
Lighting Lamp or Bulb Kilolumens/kilowatt Electricity
Clothes Washing Clothes Washer BT Uout/ BT U, Electricity
normalized water use
factor
Clothes Drying Clothes Dryer BTUu/BTUin Pipeline gas,
electricity
Dishwashing Dishwasher BTUo/BTUin: Electricity
Normalized Water Use
Factor
Cooking Range (ovenand  BTU,/BTU Pipelire gas,
stovetop) electricity, fuel oil,
LPG
Refrigeration Refrigerator BTUu/BTUin Electricity
Freezer Freezer BTUu/BTUin Electricity

2.2.1.1 Activity Drivers

¢KS WSAARSYUGALl

{ SOU2N) a2RdzA SQa

Lz

ug?2

area, segmented by housingit type, and housing unit vintage. Projections of

households are based on population projections out to 2050 from the California

Department of Finance estimatéand a linear regression that projects persons

4 http://www.dof.ca.gov/Forecasting/Demographics/Projections/

© 2017 Energy and Environmental Economics, Inc.
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per household using data and estimates frora9Q@ to 2022 also from the

California Department of Finance

Equation5

000 T L UL PBTTT MY U

New Variables

HPR is the number households per person in year y
P p is year number, measured in annual increments from a t
year (1990 = 1)

PATHWAY&estotal population and households per person to estimate the total

number of households (THH) by census region and year.

Equation6

YOO 00 0000

New Variables

THH is the total number of households in year y

POR is the projected population in year y
PATHWAY Brojects future housing units by type and year using steckroll-
overapproach described in Secti@ril, which allows for changes in housing type,
floor area, and vintage over time. Housing units that beéng renovated or

retired are then replaced with a new vintage and type of home. New vintage
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Final Energy Demand Projection _

housing units of different types are also added as the number of households in

each region grows.

Equation7

YOO YOO p 1 YOO 1 000 —

New Variables

THH,+1 is the number of housing units of type j in year y+1

THRy is the number of housing units of vintage v and type j in year
NHH, is the number of new households in year y+1

“y is the share of housing unit type j in total housing units in yee

The replacement coefficient®) are based on an expected-§6ar lifetime for

K2YSasx gKSNB af AFSaA Y Sthe tihabefof@ratemdniNGE OA 4 St & F
or renovation. To overcome the lack of data on housing vintages by type, we

generate distribution®f historical vintages of the existing (2010) housing stock

by applying thestock roll-over retrospectively. The share coeféiaits () are

based on those found in California's 2009 Residential Appliance Saturation Survey

(RASS 2009) Thisstockroll-over process leads to relatively small changes in the

structure of the national housing stock over time, as showigure4.

5 Documentation fromhttp://w ww.energy.ca.gov/appliances/rasslata from
https://websafe.kemainc.com/RASS2009/Default.aspx
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Figure4. Baseline lousing stock by type and vintage over time

B Maobile Home

m Apartment or Condo (5+ Units)

W Apartment or Condo (2-4 Units)

B Townhouse, Duplex, or Row House

M Single Family Detached

S P PF PP E PP PP PP PP
AT ART ADT ART DT ART AT AR DT 4D $Pi§'9-ﬁ

PATHWAY Brojects total residential floor area by housing type using housing
type-, and vintagespecific average floor areas (square feet per hom@nhfRASS

20009.

Equation8

Y "00 0'YO "YOO

New Variables

RFA+1 is the total residential floor area for housing type j in year y
ARF41 is the average residential floor area per housing type j in yeal

2.2.1.2 Unit Energy Service Demand

In the residentiakector, unit energy service demand is the demand for energy
services (e.g., lumens, wash cycles, space heating) for each of the 12 end uses in

Table3 normalized by either household or floor area. Service demands vary
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Final Energy Demand Projection _

across cesus regions (e.g., warmer regions need less heating) and housing unit
types (e.g., multfamily units need less heat per square foot than single family

homes).
2.2.1.2.1 Unit Energy Service Demand Adjustments

To arrive at a final unit energy service demand terre, account for enelise
specific special casesSpace heating and cooling demand are dependent on
changing climate conditions. Using RASS 2009, cooling demand in
kWh/household is input separately for each housing type for each California
climate zone. Sirdrly, annual heating in therms/household is input for each
housing type for each utility service territory. Heating and cooling service demand
are then moderated by the thermal performance of building shells. Shell
performance multipliers (ratios to refence performance) for various potential
shell improvements are based on those used in the AEO's NEMS model, where
they are calculated using thermal simulation models. Building shells are tracked
as stock technologies and can be influenced through buildingll stock

measures.

2.2.1.3 Equipment Measures, Adoption, ardarket Shares

PATHWAYS reduces residential €@issions relative to a reference case through
measures that change the composition of new building and equipment. Users
implement residential measuréa PATHWAYS by calibrating equipmspecific
adoption curves. Adoption of new equipment leads to changes in market share

for a given vintage and type of equipment over time.
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In PATHWAYS, turnover of existing stock and new stock growth drive sales of ne
residential end use equipment. In the reference case, sales penetration for a
given type of equipment its share of new sales is based on RASS 2009. Users
change reference case sales penetrations by choosing the level and approximate
timing of satuation for a given type of equipment (e.g., new sales of high
efficiency heat pump water heaters saturate at 30% of total new water heater
sales in 2030). PATHWAYS allows the user to choose between linear and S
shaped adoption curves. In the main repaales penetrations (SPN) for most

end uses are baskon aggregated-Shaped curves

Equation9

o~y T "YE‘)T&X Q
YU 8400 05 o

where x is a scaling coefficient that shifts the curve over time based on a user

defined measure start year and tinte-rapid-growth (TRGperiod (in years)

Equation10

0 "Y@q YYiRq ®
VY&
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Final Energy Demand Projection _

and TRG is calculated as

Equation11
e 0Y® 0"Y®
Y'Y o
C
New Variables
SPNmvey is the sales penetration of vintage v of equipment type m for «
use k usig final energy type e in yeary
SATme is the saturation level of equipment type m for end use k us
final energy type e in a specified year
h is a generic shape coefficient, which changes the shape oft
curve
MS¥me is measure start year forggipment type m for end use k usir
final energy type e in a specified year
TRGre is the timeto-rapid-growth for adoption of equipment type m fo
end use k using final energy type e in a specified year
ASYXme is the approximate saturation year for ad@gm of equipment

type m for end use k using final energy type e

Market shares for an equipment vintage in a given year are the initial stock of
that vintage, determined by the adoption curve, minus the stock that has turned
over and been replaced, died by the total stock of equipméim that year (e.g.,

the shareof 2020 vintage LEDs in the total stock of lighting equipment in 2025).
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Equation12
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New Variables
MK SQmvey+1 is the market share of vintage v of equipment type m for end
k using final energy type e in year y+1
EQRkme is the stock of equipment adopted of equipment type m for €
use k using final energy type eatrhas vintage v
EQRy is the total stock of equipment for end use k in year y+1

If total sales of new equipment exceed sales of wtermined measures (i.e., if

the share of measures in new sales is less than 100% in any year), adoption of
residual egipment is assumed to match that in the reference case. In cases
where adoption may be ovesonstrained, PATHWAYS normalizes adoption
saturation so that the total share of usdetermined measures in new sales never

exceeds 100% in any year.

2.2.2 CQEMISSIONS

We calculate total C{emissions from the residential sector in each year as the

sum product of final energy consumption and a€fission factoby fuel type
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Equation13
Y& (& Y8006 6 OO
Variables
R.CO2 is residential C&emissions in year y
CEF CEFis a C@emission factor for energy type e, which is tir
invariant

All CQ emission factors for primary energy are based on higher heating value
(HHV)based emission factors used in AEO 202@& emission factors for energy
carriers are described ithe Energy Supplgection Incases wherelectricity
sector C@Qemissionsare reportedseparately from residential sector emissions,

the R.FEC term in the above equation is zeroed out.

2.2.3 ENERGY SWVEM COSTS

Energy system costs are defined in PATHWAYS as the incremental capital and
energy cost of measures. The incremental cost of measures is measured relative
to a reference technology, which is based on the equipment that was adopted in

the Referene Case.

2.2.3.1 Capital Costs

PATHWAYS calculates end use capital (equipment and building efficiency) costs
by vintage on an annualized ($/yr) basis, where annual residential equipment
costs (R.AQC) are the total residential equipment cost (R.TQC) multiplied by a
capital recovery factor (CRF).
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Equation14
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Equation15
Lo |
0'YO -
P p 1
Variables
R.AQGn is the annual residential equipment cost feintage v of
equipment type m in end use k
R.TQGnv is the total residential equipment cost for vintage v of equipm:
type m in end use k
r is a time, housing type, region, and equipment invariant discc
rate
EUl, is the expected useful life of equment type m

PATHWAYGses a discount rate of 1%, reflectinghe historical average of real
credit card interest rate&.This discount rate is not intended to be a hurdle rate,
and is not used to forecast technology adoption. Rather, it is meant solvead

reflection of theopportunity cost of capital to households.

Consistent with ourstock roll-over approach to adoption and changes in the
equipment stock, we differentiate between the cost of equipment that is
replaced at the end of its expected3F dzf € AFS o0 ayl Gdz2NF € NBLX I OSY!
SIdA LIYSYyd GKFG Aa NBLXIFOSR 0STF2NBE (KS SyR 27F A

6 This roughly reflectthe historical average of real credit card interest ratBsom, 1974 to 2011, the G&djusted
annual average rate was 11.4%. Reagarre calculateddas —— p, where iis a rate of consumer inflation
based on the CPI.
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The incremental cost of equipment that is naturally replaced is the annual cost of

that equipment minus the annual cost of equipmersted in the reference case.

Equation16

Y800 6 YD O 6 Y& 0 6

New Variables

R.1QGmy is the incremental annual residential equipment cost in end
k
R.AQGn is the annual residentialggiipment cost for equipment type n

that consumes final energy type e in end use k for a g
scenario examined in this report
wad! v/ Q isthe annual residential equipment cost for equipment type
that consumes final energy type e in end use k for #ference
case
For equipmentearly replacement measures are assessed the full technology cost

and do not include any salvage value.

PATHWAY&alculates total incremental residential end use equipment costs in
year y as the suraf annual incremental costacross vintages, equipment types,

and end uses.

© 2017 Energy and Environmental Economics, Inc. Page| 29|



Equation17
Y800 6 Y800 6
New Variables
R.IQG is the total incremental cost of residential end use equipmen

yeary

2.2.3.2 Energy Costs

Annud residential energy cost§R.AEC)in PATHWAYSre calculated by
multiplying final energy consumptidiR.FEQ)y final energy type in each year by

a unit energy pric€P)in that year

Equation18

Y 06 YSOOO6 O

New Variables

R.AEG is the total annual residential energy cost for final energy tyg
inyeary
Pey Is the unit price of final energy type e in yeary

Electricityand fuelprices are calculatenh the supply side modulesiescribedn
the Energy Supplyection Incremental annual residential energy costs are

calculated relatie to thereference case.

Pagel| 30|



Final Energy Demand Projection _

Equation19

Y8006 Y& 00 Y& 00

New Variables

R.IEG is the total incremental annual residential energy cost for fi

energy type e in year y
wd! 9/ Q is the total annual residential energy cost for final energy tyg.

in year y in the reference case

2.3 Commercial

tlt ¢l 21 {Q [/ 2YYSNORAI frojeat Zdnzér&al skcior fidzh SR G2 LJ
energy consumption, G@missions, and enrdse euipment costs by year for the

eightend uses shown ifiable5 and the severiuels shown in

Table6. Thefirst severend uses are represented at a technology level, while the
GhUKSNE &dzo0aSO02N) Aa NBLINBASYGSR 2y +y 33N

Table5. Commercial end uses and model identifiers

Subsector ' Model Identifier
Air Conditiming AC
Cooking CK
Lighting LT
Refrigeration RF
Space Heating SH
Ventilation VT
Water Heating WH
Other oT

© 2017 Energy and Environmental Economics, Inc. Page| 31|



Table6. Fuels used in the commercial sector

Electricity

Pipeline Gas

Fuel Oil

Liquefied Petroleum Gas (LPG)
Kerosene

Wood

Waste Heat

Changes in final energy consumption,.@missions, and end use equipment
costs in theCommerciaModule are driverby changes to the stock of buildings
and energy end use equipment, which grawi|-over (retire), and are eplaced
over time. Stock growth and replacememt new stockt provides an
opportunity for efficiency improvements in buildings and equipment, and for fuel
switching through changes in equipment. Users redwoenmercial CQ
emissions ilPATHWAYBy implerenting measures that change thequipment
stock over time.Users can also implement Demand Change Measures that
directly alter the demand for services met by equipment. For example, water
efficiency efforts translate into reduced water heating loads andicef
illumination levels are trending downwards due to increasing use of computer

monitors rather than paper for work tasks.

2.3.1 FINAL ENERGY CONSUNIMN

PATHWAYS calculates commercial final energy consumption (C.FEC) of different

final energy types in each geas the product of two main terms: (1) service
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territory-specific unit energy service demand (e.g., water heating demand in
PG&E's territory in 2025) and (2) end use equipment efficiency that is weighted
by the market share for a given vintage of a gitygre of equipment in a territory
(e.g., the share of 2020 vintage high efficiency heat pump wadatdss in total

commercial water heating equipment in PG&E's territory in 2025).

Table 7 shows the equipment units, efficiency ts)i and final energy types
fdZRAY3 Ga20KSNE D

)

associated witttcommercial end use§ E

Table7. Commercial Subsector Inputs

End use Equipment units  Efficiency units Final Energy Types
Air Conditioning Air conditioner BTUouw/BTUin Electricity
Cooking Range BTUouw/BTUin Pipeline gas, electricity,
Lighting Lamp or Bulb Kilolumens/kilowatt Electricity
Refrigeration Refrigerator BTUouw/BTUin Electricity
. Fur_nace, Pipelinegas, eleaicity,

Space Heating radiator, heat BTUou/BTUin WeFl)ste ﬁgat y

pump
Ventilation Ventilation BTUou/BTUin Electricity

system
Water Heating Water heater BTUou/BTUin Pipeline gas, electricity,

2.3.1.1 Activity Drivers

¢CKS [/ 2YYSNDAL f az2zRdzZ SQa YIAYy | OGA@GAGER
segmented by utilityservice territory. Total commercial building floor area
estimates per utility service territory from 1990 to 2024 are provided by the CEC's
Caifornia Energy Demand 2022024 Final Forecast Mi€ase’ Floor areas for

7 http://lwww.energy.ca.gov/2013_energypolicy/documents/demafatecast/mid_case/
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the remaining years up to 2050 areqgpected for each service territory using

linear regression.

2.3.1.2 Unit Energy Service Demand

In the commercialsector, unit energy service demand is the demand for energy
services (e.g., lumens, space heating, spacdragyolor each of the 8 end uses,
normalizd by floor area. The service demand is derived from Unit Energy
Consumption measured at the end use level for each service territory as reported
in CEUS2006). This source doesn't include numbers for all service territories, so
SCE valueare used for ADWP and Other, based on geographic proximity
arrive at a unit energy service demand term, we multiply the unit energy demand
(i.e. the measured energy consumption) by the aggregate efficiency of the stock
(i.e. the fraction of energy that delivers tlservice) for a given calibration year,
typically 2009.
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Equation20: Unit Energy Service calculation

~ ~ 00 Wou o o
YOY YOO $¥ch L QW

008 an
New Subscripts
e final energy type electricity, pipeline gas, liquefied petroleum g
(LPG), fuel oil
y year in the model year (2010 to 2050)

[ utility territory Geographic territory for LADWP, PG&E, SDC
SCE, SMUD, and Other

k end use 8 end uses iTable5

m equipment type based on equipment types specific to the end u:
in Table5

v vintage equipnent vintage (1950 to year y)

New Variables

UESK is the unit energy service requirement (service demand
square foot) for energy type e in territory i for end use
(evaluated in the year 2009)

UEDRuy is the measured energy demand per square footioergy type
e in territory i for end use k in year y

MK Simvey is the market share for vintage v of equipment type m consun
final energy type e for end use k in territory i in year y

EFkmvey is the energy efficiency of vintage v of equipment type

consuming final energy type e for end use k in year y

Note that this unit energy service demand is calculated using a betipend use

intensity metric. To ensure that the bottomrp calculations match the top down
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measured commercial energy consumptitime UES is calibrated against top down
commercial measured energy consumption data, CMEC
Equation21: Adjusted service demand

B B YO'Y 88

oY YOY TR
Yo © 0d) 006
New Variables
ESD« is the adjusted energy service demand per sqft for energy ty
in territory i for end use k
C.MEG is the measured total commercial energy demand for ene
type e inyeary
ACT, is an activity driver, i.e. floor spacey feervice territory i in yeal
y

8In this case we use the totabmmecial gas usage from th@24 IEPR, split by end usitares ofusageaccording
to CEUS, 2006.
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Equation22: Commercial final energy

VNV

08000 00°YO'YO 0O0 O 000

New Variables

C.FEg is commercial final energy consumption of final energy type

yeary

DCley Is the demand change fr (default is 1, or no change
introduced by demand change measures for energy type e w
end use k in year y

2.3.1.3 Equipment Measures, Adoption, and market Shares

PATHWAYS reduces commerciab €@issions relative to a reference case
through measures thathange the composition of equipment in the stock. Users
implement commercial measures in PATHWAY'S by calibrating equijspegitic
adoption curves. Adoption of new equipment leads to changes in market share

for a given vintage and type of equipment oviene.

In PATHWAYS, turnover of existing stock and new stock growth drive sales of new
commercial end use equipment. In tiReferencescenario,retiring stock of a

given type of equipment is replaced by the same type. In other words, its share
of new sdes maintains its historical penetration. Users change reference case
sales penetrations by choosing the level and approximate timing of saturation for
a given type of equipment (e.g., new sales of high efficiency heat pump water
heaters saturate at 30%f @dotal new water heater sales in 2030). PATHWAYS

allows the user to choose between linear angraped adoption curves. In
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general,sales penetrations (SPN) for most end uses are based on aggregated S

shaped curves.

Equation23

i YOGO¥ o

YU 8400 05 o
Equation23 defines the SPN, where x is a scaling coefficient that shifts the curve
over time based on a user defined measure start year and-tovrapid-growth

period (in years)Equation24 defines the scaling coefficient x, where TRG is

calculated irEquation25.

Equation24

0 "Yéx o YY&q ©
YYiQq
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Equation25
o 0"Y® 0°Y®
YY"(@ Q
C
New Variables
SPNmvey is the sales penetration of vintage v of equipment type m for «
use k using final energy type e in yeary
SATme is the saturation level of equipmeé type m for end use k usin
final energy type e in a specified year
h is a generic shape coefficient, which changes the shape oft
curve
MS¥me is measure start year for equipment type m for end use k u:
final energy type e in a specified year
TRGne is the timeto-rapid-growth for adoption of equipment type m fo
end use k using final energy type e in a specified year
ASYme is the approximate saturation year for adoption of equipme

type m for end use k using final energy type e

Market shaes for an equipment vintage in a given year are the initial stock of
that vintage, determined by the adoption curve, minus the stock that has turned
over and been replaced, divided by the total stock of equipment in that year (e.g.,

the share of 2020 virige LEDs in the total stock of lighting equipment in 2025).
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Equation26
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New Variables
MK SQmvey+1 is the market share of vintage ¥@guipment type m for end us:
k using final energy type e in year y+1
EQRkme is the stock of equipment adopted of equipment type m for €
use k using final energy type e that has vintage v
EQRy is the total stock of equipment for end use k in yeaty

If total sales of new equipment exceed sales of wtermined measures (i.e., if

the share of measures in new sales is less than 100% in any year), adoption of
residual equipment is assumed to match that in the reference case. In cases
where adoptim may be oveconstrained, PATHWAYS normalizes adoption
saturation so that the total share of usdetermined measures in new sales never

exceeds 100% in any year.

Given the large number of potential measures, equipment adoption in
PATHWAYS is generallyt done by utility service territory. Instead, equipment
is allocated through equipment ownership, which is determined by building stock

in each service territory.

2.3.2 CQEMISSIONS

PATHWAY &alculates total CQ emissions from the commercial sector in each

yea as the sum product of final energy consumption and a €&fission factor

by energy type
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Equation27
08 (I 08006 00O
Variables
C.COg is commercial C£&missions in year y
CEF CEFis a C@emission factor for energy type e, which is tin
invariant

All CQ emission factors for primary energy are based on higher heating value
(HHV)based emission factors used in AEO 2013; e@iission factors for energy
carriers are described in a separateten. Incases wherelectricity sector CO
emissionsare reportedseparately from commercial sector emissions, the C.FEC

term in the above equation is zeroed out.

2.3.3 ENERGY SYSTEM COSTS

Energy system costs are defined in PATHWAYS as the incremental aagbital
energy cost of measures. The incremental cosgpipmentis measured relative
to a reference technology, which is based on the equipment that was adopted in

the Reference Case.

2.3.3.1 Capital Costs

PATHWAYS calculates end use capital (equipment andnigudfficiency) costs
by vintage on an annualized ($/yr) basis, where anwoatmercialequipment
costs CAQC) are the totatommercialequipment cost CTQC) multiplied by a
capital recovery factor (CRF).
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Equation28
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Equation29
Lo |
0'YO -
P p 1
Variables
CAQGmy is the annualcommercial equipment cost for vintage v ¢
equipment type m in end use k
CTQGmv is the total commecial equipment cost for vintage v ¢
equipment type m in end use k
r is a time puildingtype, region, and equipment invariant discou
rate
EUl, is the expected useful life of equipment type m

PATHWAY&esa discount rate 010%,roughlyapproximatingan average pretax
return on investmentThis discount rate is not intended to be a hurdle rate, and
is not used to forecast technology adoption. Rather, it is meant to be a broad

reflection of theopportunity cost of capital tdirms.

Consistent withthe stock roll-over approach to adoption and changes in the
equipment stock PATHWAY@ifferentiate between the cost of equipment that
Aad NBLXIFOSR G GKS SyR 2F AlGa SELISOGSR dzaSTdz
equipment that is replaced beforetheendo A 10 d dzaS¥dz €t AFS 6aSINIe& NB

—~h

The incremental cost of equipment that is naturally replaced is the annual cost of
that equipment minus the annual cost of equipment used in HRederence

scenario
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Equation30
6800 6 o6& 0 6 68 0 6

New Variables

C.1QGn is the incremental annual commercial equipment cost in end
k
C.AQGn is the annual commercial equipment cost for equipment type

that consumes final energy type e imd use k for a givel
scenario examined in this report
[ ®! wm/ Q isthe annual commercial equipment cost for equipment type
that consumes final energy type e in end use k for the refere
case
PATHWAY&lculates total incrementalcommercialend use egipment costs in
year y as the suraf annual incremental costacross vintages, equipment types,

and end uses.

Equation31

6800 6 6800 6

New Variables

C.IQ¢ is the total incremental cost of commercial end use equipmer
yeary

2.3.3.2 Demand Change Measure costs

For demand change measures, energy efficiency costs are the product of
measurespecific reductions in energy service demand and the measpeeific

levelized cost of implementation (LC).
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Equation32: Annualizeddemand changeneasure costs

0800 6 000 0¢
i
New Variables
C.FM¢ Demand change measure costs
MEkmey Measure energy impact for measure r with final energy type €
end use kin yeary
LG Input levelized costs for measure r

2.3.3.3 Energy Costs

Annual commercialenergy costs(C.AEC)n PATHWAYSre calculatedby
multiplying final energy consumptiqi€.FEQ)y final energy type in each year by
a unit energy priceP) in that yearand adding the annual demand change
measure costs.

Equation33

o0& 06 68006 0 6800 6

New Variables

C.AEG is the total annual commercial energy cost for final energy tyj
in yeary
Pey Is the unit price of final energy type e in yeary

Electricityand fuelprices are calculad in the supply side modulesdescribed
elsewhere Incremental annuatommercialenergy costs are calculated relagiv

to the designated referencscenario
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Equation34
68000 0& 00 08 006

New Variables

C.IEG is the total incremental annual commercial energy cost for f
energy type e in year y

[ ®!:9/ Q isthe total annual commercial energy cost for final energy tyy
in year y in the reference case

2.4 Transportation

tr ¢l 21 {Q ¢ Nlodiliaisiasétliopibjgcefifial transportation energy
consumption, C® emissions, and endse equipment costs for thed
transportation sectors consuming the 7 fuels listedTiable 8 and Table 9,
respectively.Table8 also indicates whether each subsector is modeled using
calibratedstockturnover, where fuel usage is calculated as the sum of fuels used
by the changing vehicle stopkoviding foreast Vehicle Miles Traveled (VMT), or
using Californiaforecasts offuel demand (extended to 2050 usingegression
where required), with individually specified measures directly altering the
trajectory of fuel demand over timéote that biofuels can be blended into each

of the these fuel categories, so biodiesel and renewable diesel can be included in
the diesel fuel category, for example. Likewise, ethanol is included in the gasoline

fuel category and biogas can appear in the LNG and the CNG categories.

TablelOTablel0details the fuels used by each vehicle type (for stock subsectors)

or subsector.
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Table8. Transportation subsectors

Subsector Model type
Light duty vehicles (LDV) Stock
Medium duy vehicles (MDV) Stock
Heavy duty vehicles (HDV) Stock
Buses (BU) Stock
Aviation (AV) Fuel
Passenger Rail (PR) Fuel
Freight Rail (FR) Fuel
Ocean Going (OG) Fuel
Harbor Craft (HC) Fuel

Table9. Transportation fuels

Electricity

Gasoline

Diesel
LiquefiedPipeline Gas (LNG)
Compressed Pipeline Gas (CNG)

Hydrogen

Kerosenelet Fuel

Note that biofuels can be blended into each of the these fuel categories, so
biodiesel and renewable diesel can be included in tlesal fuel category, for
example. Likewise, ethanol is included in the gasoline fuel category and biogas

can appear in the LNG and the CNG categories.

Tablel0. Fuel Use by Vehicle Type

Vehicle fpe ‘ NETgg[ ‘ Fuel(s)
Light dutyauto Reference Gasoline LDV Gasoline
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Vehicle Tpe Name Fuel(s)

Final Energy Demand Projection _

Light duty auto SP Gasoline LDV Gasoline

Light dutyauto PHEV25 Electricity Gasoline

Light duty auto SP PHEV25 Electricity, Gasoline

Light dutyauto BEV Electricity

Light dutyauto Hydrogen Fuel Cell Hydrogen

Light duy truck Reference Gasoline LDV Gasoline

Light duty truck SP Gasoline LDV Gasoline

Light duty truck PHEV25 Electricity Gasoline

Light duty truck SP PHEV25 Electricity, Gasoline

Light duty truck BEV Electricity

Light duty truck Hydrogen Fuel Cell Hydrogen

Motorcycle Reference Gasoline LDV Gasoline

Medium duty ReferenceMD\+Gasoline Gasoline

Medium duty SPMDVGasoline Gasoline

Medium duty Reference MD\Diesel Diesel

Medium duty SP MDV Diesel Diesel

Medium duty SPMDVCNG Compressed Pipeline GEING)
Medium duty SP MD\Battery Electric Electricity

Medium duty SP MDWydrogen FC Hydrogen

Heavy Duty Reference Diesel HDV Diesel

Heavy Duty SP HDV Diesel Diesel

Heavy Duty Reference CNBDV Compressed Pipeline Gas (CNG)
Heavy Duty SP HDV CNG Compessed Pipeline Gas (CNG)
Heavy Duty SP HDV Battery Electric Electricity

Heavy Duty SP HDWydrogen FCV Hydrogen

Bus Gasoline Bus Gasoline

Bus Diesel Bus Diesel

Bus CNG Bus Compressed Pipeline Gas (CNG)
Bus BEV Bus Electricity

Aviation N/A KerosendJet Fuel)

Ocean Going N/A Diesel, Electricity (In port)
Harbor Craft N/A Diesel, Electricity

Passenger Rail N/A Electricity, Diesel

© 2017 Energy and Environmental Economics, Inc.
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Vehicle Tpe Name Fuel(s)
N/A

Freight Rail

Electricity, Diesel

2.4.1 MODEL SUMMARY

Based on the character of best available data, the Transportatiodul uses a

mixture of stock accounting (for enoad vehicles) and regressiextended state

forecasts of fuel consumption (for affad vehicles).

For stock sulsectors,(i.e. LDVs, MDVs, HDVs, and B)ljgegnsportation service
demand (i.e. VMT) and tal vehicle counts are based on linear extrapolation

to 20500f CARB EMFAC 20data. The drivers of transportation fuel demand in

stock sectors are illustrated Figure5 using LDVs as an example.

Figureb. Driversof transportation fuel use for stock modeled subectors, using

light duty vehicles for illustration.

N

MPG by vehicle
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For fuelonly sectors, i.e. passenger rail, freight rail, harbor craft, oceangoing
vehicles, and aviation, referenceeluconsumption is based on a linear fit of
forecasts from the CARB VISIONo&d model. The drivers of fuel demand in fuel

only subsectors are illustrated iRigure6.

Figure6: Drivers of transportatia fuel use for fuel modeled sukectors.
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2.42 MEASURES

Measures specify the timing and magnitude of deviations from the reference case
caused by mitigation efforts over time. The stock modeled-sediors ofthe
TransportationModule capture changing markethare roll-over (retirement),

and replacemenbf vehiclesover time. Stock growth and replacement new
stockt provides an opportunity forwehicleefficiency improvementsnd fuel
switching  Users reducetransportation CQ emissions inPATHWAY Sy
implementing measures thateduce VMT orchange thecharacteristics of the

deployed vehiclestock over time.
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Thefuel-only subsectors of the TransportatiomModule use CA forecasts of fuel
demand, extrapolated to 2050 using linear regressidtor these suisectors,
users implementggregateenergy efficiency and fuel switching measures that
leaddirectlyto percentage changes in the amount and typéuslsconsumed by
the vehiclesin a particular subsector.These measures directly modify the
reference forecat of transportation fuel demand. In the fuehly subsectors

rates ofmeasure roll outs are constrained to reflect expected stock lifetimes

There are three types of measures that impact different drivers of emissions in

the Transportation Module.

1. Sewice demand change measuresduce VMT for specific stock
modeled vehicle types. Measures of this type are used to model actions
that reduce driving, for exampl&mart Growth and transit oriented
development can reduce VMT in cars.

2. Stock measureshange he relative portion of each vehicle type (i.e.
plug-in hybrids (PHEVS), fuel cell vehicles (FCVs), battery electric
vehicles (BEVs), more efficient internal combustion vehicles (ICEs), etc.)
sold from one year to the next. Measures of this type are usedddel
the timing and magnitude of market adoption of new technologies and
vehicle types, like PHEVs and BEVs and market declines of older vehicle
technologies, like conventional ICEs.

3. Aggregate measuredirectly reduce demand for specific fuels in fuel
based subsectors. Measures of this type are used to model the fuel
impacts of market adoption of vehicle technologiésg.electric Ight
rail, fuel switchingpowering ships with electricity while in port, and

operational changes, flying fewer but larga@anes or slow steaming in
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shipping. Typically the percentage change in fuels specified in
aggregate measures are based on side calculations using the best

available information on potential savings.

2.43 TRANSPORTATION STACKOUNTING FOR-BRAD
VEHICLES

2.4.3.1 Sock Final Energy Consumption

PATHWAYS calculates transportation stock final energy consumption (T.SEC) of
different final energy types in each year as the product of two main terms: (1)
district-, vehicletype-, and vintagespecific VMT and (2) vehicleelueconomy

that is weighted by the market share for a given vintage of a given type of
equipment in a district (e.g., the share of 2026tage battery electric vehiclen

the total number of vehicles in the SCAQMD district in 2025).

© 2017 Energy and Environmental Economics, Inc. Page| 51|



Equation35
YOS S8y oo L0
0 00 500
New Subscripts
e final fuel type electricity, gasoline, diesel, liquefied pipeline g
(LNG), compressed pipeline gas (CNG), hydrog
y year maodel year (2010 to 2050)
[ air quality district SJVAPCD, SCAQMD, Other
k vehicle category LDV, MDV, HDV, Buses
m vehicle sub vehicle sukcategories (i.e. auto, truck, motorcyc
category in LDV)
v vintage vehicle vintage (1950 to year y)

New Variables

T.EG is transportation stock final energy consumption of final fuel ty
einyeary

ACTmvy is VMT per vehicle sutategory m per vintage v per air quali
district i in year y

ESQy is vehicle fuel economy per vehicle stdtegory m per vintage
in yeary

MK Sivey is the market share for vintage v of vehicle sategory m
consuming fuel type e in air quality district i in year y

EFRvey is the energy efficiency of vintage v of vehicle-sategory m

consuming final fuel type e in year y

2.4.3.2 ServicelDemand

¢CKS ¢NIVYAaLRNIFGAZ2Y {SOG2N) az2RdzA SQa dzyAda 27
Traveled (VMT), segmented by air quality district, vehicletgpb, and vehicle

age? The defaultvMTtrajectoriesare based on the CARBsion model®

Figure? illustrates the impact vehicle age has on VMT by vehicletygub- the

basic relationship is that the older a vehicle is, the less it is assumed to be driven.
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Figure7: Relative VMT contribution from vehicled different ages for different
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2.4.3.3 Vehicle Counts

= Light-Duty Auto

= Light-Duty Truck

— Motorcycle

= Medium-Duty Vehicle
HD Trucks

Total vehicle counts by air quality district and vehicle-sategory are based on

the CARB EMFAC Z0fbrecast, with a linear extrapolation from 2035 to 2050.

We project future vehid types using thetockroll-over approach described in

Sectiors2.1, which defaults to replacing retiring vehicles with new vehicles of the

same fuel type, but allows for changes in vehicle fuel type, fuel economy, costs,

andvintage over time.

© 2017 Energy and Environmental Economics, Inc.
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Equation36: total vehicle counts

Y Yo o op 1 Yo I 0o @ —

New Variables

TVijy+1 is the number of vehicles of type j in air quality district i in y
y+1

TVeiy is the number of vehicles of vintage v atyge j in air quality
district i in year y

NViy is the number of new vehicles of type j in air quality district
year y+1

i is the share of vehicle type j in total vehicles in year y

The replacement coefficientb) are based on an expecteatetimes for vehicles,
GKSNB af AFTSGAYSE A& Y2NB LINBOAaSte RSTAYSR | a
2N < AYy GKS t2Aada2y RAAGNROdziAzy dzaSR G2

2.4.3.4 Vehicle Measures, Adoption, anfdarket Shares

PATHWAYS reduces stock transpantatCQ emissions relative to a reference
case through measures that change the composition of new vehicles. Users
implement transportation stock measures in PATHWAY Selsctingvehicle
specific adoption curves. Adoption of new vehicles leads to changesrket

share for a given vintage and type of vehicle over time.

In PATHWAYS, turnover of existing stock and new stock growth drive sales of new
vehicles. In the reference case, sales penetration for a given type of vehitde

share of new sales is based on the reference case. Users change reference
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case sales penetrations by choosing the level and approximate timing of
saturation for a given type of vehicle (e.g., new sales of battery electric autos
saturate at 30% of total new auto sales ir3R). PATHWAYS allows the user to
choose between linear and-shaped adoption curves. In the main scenarios,
sales penetrations (SPN) for most vehicle types are basadgregated Shaped

curves

Equation37

s YO4%
YU @y Q0 3 =

where x is a scaling coefficient that shifts the curve over time based on a user

defined measure start year and tirte-rapid-growth (TRGperiod (in years).

Equation38

0 "Yéo YYi@ &
YYa@

and TRG is calculated as
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Equation39
i OY DY
YYg@g ——m
C
New Variables
SPNvey is the sales penetration of vintage v of vehicle type m using-
energy type e in yeary
SATe is the saturation level of vehicle type m using final energy tyg
h is a generic shape coefficient, which changes the shape oft
curve
MSYne is the measure start year for vehicle type m using final ene
type e in a specified year
TRGe is the timeto-rapid-growth for adoption of vehicle type m usir
final energy type e in a specified year
ASYe is the approximate saturation year for adoption of vehicle type

using final energy type e

Market shares for a vehicle of a specific vintaga given year are the initial stock
of that vintage (determined by the adoption curve) minus the stock that has
turned over and been replaced, divided by the total stock of vehinlésat year
(e.g., the sharef 2020 vintage battery electric autos ihd total stock of autos

in 2025).
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Equation40

00 P4q BYOO Jsq P T o

Ov Yy 0
New Variables
MK Snvey+1 is the market share of vintage v of vehicle type m using 1
energytype e in year y+1
EQRme is the stock of vehicles adopted of vehicle type m using 1
energy type e with vintage v
EQR:1 is the total stock of vehicles in year y+1

If total sales of new vehicles exceed sales of dsdermined measures (i.e., if

the share of measures in new sales is less than 100% in any year), adoption of
residual vehicles is assumed to match that in the reference case. In cases where
adoption may be oveconstrained, PATHWAYS normalizes adoption saturation
so that the total shag of userdetermined measures in new sales never exceeds

100% in any year.

Given the large number of potential measures, vehicle adoption in PATHWAYS is
generally ot done by air quality district Instead, vehicles are regionalized
through equipment owneship, which is determined separately for each district.
This assumption is consistent with statéde policies, and is important for

understanding the distrietevel results.

2.44 TRANSPORTATION HIRLY SUBECTORCCOUNTING

The Transportation Module includdgel-only accounting of energy use for off
road vehicles (aviation, passenger rail, freight rail, oceangoing vessels, harbor

craft) where fuel use forecasts provide the best available data. For these sub
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sectors, thedefaultfuel consumption data is pullsfrom the CARB VISION model,

with a linear extrapolation to 2050 performed via regression models.

2.4.4.1 Fuetonly Measures

In fuelonly subsectors, scenarios alter reference trajectories for transportation
fuel consumption using measures that directly altemnsportation fuel
consumption. Within each subector, fuelonly measures consist of several

attributes, which are detailed ifiablell.

Tablell: Attributes of fuelonly "aggregate" measures

Attribute Degription

Impacted Stock The fraction of stock impacted by the measure in the saturatiar

ReplacemenEuel The fuel used after the measure

ImpactedFuel The fuel impacted by the measure

EElmprovement The fraction of reference scenario fuel usémehated within the
impacted stock

Start Year The year when the first impacts of the measure are first achieve

Saturation Year The year when the measure impacts reach their full potential

Levelized Cost The cost of the measure levelized across ensayed in$/Demand

Unit

Between the start year and the saturation year, measure impacts follow a linear
ramp until they save the full EE Improvement for the full impacted stock. If the
impacted fuel and replacement fuels are the same, then the aggregassune

changes the consumption of that single fuel, as would be expected for either

service demand (VMT) or vehicle efficiency (VMT/fuel) changes.
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Equation41: Fraction of stock impacted

R ¢ [\
OYO a oo Q& ; hp hm “YO
[ ()
New Variables
FShney fraction of stock impacted per measure m per vehicle type j
fuel type e in yeary
Ysat saturation year
Ystart measure start year
Shine "stock fraction" by measure m per iele type j per fuel type e ii
the saturation year
EChe fractional energy change in impacted stock (aka EE Improven

per measure m per vehicle type j per fuel type e

Note that the saturation calculation is forced by timax and min functions to fal
within limits of 0 and 1, representing the period prior to implementation and the

period after complete saturation, respectively.

2.4.4.1.1 Energy Efficiency and Fuel Switching

Before the fuel energy change associated with efficiency can be calculated, fuel
switching must be accounted for. The fuel energy impacted, FEl, is the energy
consumption impacted by a given measure and is subtracted from the impacted
fuel and added to the replacement fuel. Thus it has no impact when the impacted

and replacement fuels are ¢hsame.
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Equation42: Fuel switched

"000 "OYO 'YO'O 00
New Variables
FEjhey fuel energy impacted per measure m per vehicle type j per
type e inyeary
RERy Reference energy consumption per vehicle type j per fuel ty)
per sence territory i in year y
ERme "energy fraction" altered per measure m per vehicle type j

fuel type e in the saturation year

The "fuel energy replacedFER is the "fuel energy impactedFE) adjusted for

any efficiency change described by theasere.

Equation43: Replaced fuel energy

"00'Y "000 p VOO

New Variables

FERey  replaced fuel energy per measure m per vehicle type j per fuel
einyeary

EEher energy efficiency improvement per measure m per fuel type e
vehicle type j
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Equation 44: Fuelonly transportation energy

"BOO 6 YOO ‘000 "00Y

New Variables

T.FEG Fuetonly energy consumption for fuel type e in year y

245 CQEMISSIONS

We calculate total C@emissions from the transportation sector in each year as
the sum product of final energy consumption (itself the sum of final stock energy
consumption from orroad vehicles and final fuel energy consumption from off

road vehicles) and CQemission factor.

Equation45: Transportation C@emissions

N g "BYOO6 "BO0OO0 000
Variables
T.CO%Z is transportation C&emissions in year y
T.SEG is the final stock energy (i.e. @nad) for energy type e in year )
TFEG is the final fuelonly energy (i.e. offoad) for energy type e in yee
y
CEF CEF is a C@emission factor for energy type e, which can vary

year for energy carriers, like pipeline gas.

All CQ emission factors for primary energy are based on higher heating value
(HHV)based emissiorekctors used in AEO 2013. L&@nission factors for energy

carriers are calculatednd described in th&nergy Supplgections
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24.6 ENERGY SYSTEM COSTS

Energy system costs are defined in PATHWAYS as the incremental capital and
energy cost of measures. The iaerental cost of measures is measured relative

to a reference technology, which is based on vehicles that were adopted (stock),
measure implementation costs (fuels only), and fuels consumed in the reference

case.

2.4.6.1 Capital Costs

PATHWAYS calculates end ugpital (vehicle efficiency) costs by vintage on an
annualized ($/yr) basis, where annual transportation vehicle costs (T.AQC) are the
total transportation vehicle cost (T.TQC) multiplied by a capital recovery factor

(CRF) plus the annualized costs of stmtk measures (T.AMC).

Equation46: Annual vehicle costs

OO TBYD6 6YO
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Equation47: Capital recovery factor

0'YO -
p P
Variables
T.AQGyv is the annal vehicle cost for vintage v of vehicle type m
T.TQGy is the total vehicle cost for vintage v of vehicle type m
r is a time, vehicle type, district invariant discount rate
EUL, is the expected useful life of vehicle type m

PATHWAY@ses a discount rée of 10%,approximatingthe historical average of
real credit card interest rate$. This discount rate is not intended to be a hurdle
rate, and is not used to forecast technology adoption. Rather, it is meant to be a

broad reflection of theopportunity cost of capital tosehicle owners

Consistent with ourstock roll-over approach to adoption and changes in the

vehicle stock, we differentiate between the cost of vehicles that are replaced at

GKS SyR 2F G(KSANI SELISOGSR anivéhitlexithatt A FS o6aylt
FNE NBLXFOSR 06ST2NB (KS SyR 2F (GKSANI dzaS¥
incremental cost of vehicles that are naturally replaced is the annual cost of the

vehicles minus the annual cost of vehicles used in the reference case.

1 From, 1974 to 2011, the G&dijusted annual average rate was Xb.4Real rates are calculated as

—— p, where i is a rate of consumer inflation based on the CPl. Nominal credit card interest rates are from

.2FNR 2F D2@SNYy2NH 2F GKS CSRSNIf wSaSN®BS {eadaSysz awSLERNI i
Operations@ 5SLJ2aA 2 NE Ly Bti/Avindsédirargsane gov/wiliatnshatinem H X
reports/credit-card-profitability-2012-recent-trends-in-credit-card-pricing.htm. Historical CPI data are from

.dNBlFdz 2F [ Fo02NJ {dF GAadAOa s hitg//wiwlbls 5oB/plchid Bandfw S L2 NI ¢ of S&Zé W
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Equaion 48: Incremental equipment costs
"BOO 6 OO WULO

New Variables

T.1QGv is the incremental annual transportation vehicle equipment c
for vehicle type m
T.AQGyv is the annual cost for vecle type m that consumes final eneri

type e for a given scenario examined in this report
¢ ®! &/ Q isthe annual vehicle cost for vehicle type m that consumes
energy type e for the reference case
Forvehicles early replacement measures are assas the full technology cost
and do not include any salvage valu&/e calculate total incremental
transportation vehiclecosts in year y as the supf annual incremental cost

across vintages and vehicle types

Equation49: Totalincremental cost of vehicles

"800 6§ "W 0 6 "“BOU §
New Variables
T.1QG is the total incremental cost of vehicles in year y
T.AMG is the annual measure implementation cost for r&inck
measures

2.4.6.2 FuelOnly MeasureCosts

For fuelonly (i.e., noAuel switching) measures, energy efficiency costs are the
product of measurespecific reductions in final energy and the meassipecific

levelized cost of implementation (LC).
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Equation50: Annualzedfuel-only measure costs

“BO0U 6 "000 0 ¢
a
New Variables
T.FMG Fuetonly aggregate measure costs in year y
LEG Input levelized costs for measure m

2.4.6.3 Energy Costs

Annual transportationenergy costs(T.AEC)n PATHWAY&re calculated by
multiplying final energy consumptiofor eachfinal energy type in each year
(T.SE&HT.FEE) by a unit energy pricéP)in that year

Equation51: Annual energy costs

06 "BYOH "BOOS U

New Variables

T.AEG is the total annual transportation energy cost for final energy t
einyeary
Pey Is the unit price of final energy type e in yeary

Electricity prices are calculated through the Electricity Sector Module, described
in the Electricitysection Nonelectricity (e.g., pipeline gas) prices are calculated
in supply side fuels module andceivedby the Transportation module as inputs.
Incremental annuatransportation energy costs are calculated relatite the

designated eferencescenario
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Equation52: Incremental energy costs

"BOOO6 "W 06 "W 06

New Variables

T.IEG is the total incremental annual transportation energy cost
final energy type e in yeary

¢ P! 9/ Qis the total annual transportation energy cost for final enel
type e in yeay in the reference case

2.4.6.4 Total Annual Costs

Total annual transportation costs are the sum of levelized incremental equipment

costs (orroad), levelized measure costs (offad), and incremental fuel costs.

Equation53. Total anrual costs

N 06 "BOUL 6 "BOD 6 "“BOO O
New Variables
T.AIG is the transportation annual incremental costs for a scenari
yeary
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2.4.7 VEHICLE CLASS MARPBETWEEN EMFAC AMOHWAYS

Tablel2below showghe mapping of EMFAC to PATHWAYS vehicle clagdés.
include LightDuty Autos(LDA) LightDuty TruckgLDT) and MotorcyclegMCY)

Tablel2: Vehicle class mapping between EMFAC and PATHWAYS

EMFAG/ehicle & Technology type PATHWAYS Vehicle Class

LDA- DSL LDA

LDA- GAS LDA

LDT1- DSL LDT

LDT1 GAS LDT

LDT2 DSL LDT

LDT2 GAS LDT

LHD1- DSL MDV

LHD1- GAS MDV

LHD2- DSL MDV

LHD2 GAS MDV

MCY- GAS MCY
MDV-DSL LDT

MDV- GAS LDT

T6 Ag- DSL MDV

T6 CAIRP heawyDSL MDV
T6 CAIRP smalDSL MDV

T6 instate construction heavwyDSL MDV
T6 instate construction smallDSL MDV
T6 instate heavy DSL MDV
T6 instate smalt DSL MDV
T6 OOS heawDSL MDV

T6 OOS smallDSL MDV

T6 Public DSL MDV

T6 utility - DSL MDV
T6TS GAS MDV

T7 Ag DSL HDV

T7 CAIRPDSL HDV

T7 CAIRP constructierDSL HDV
T7 NNOOSDSL HDV
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T7 NOOSDSL HDV

T7 other port- DSL HDV

T7 POAKDSL HDV

T7 POLADSL HDV

T7 Public DSL HDV

T7 Single DS HDV

T7 single constructionDSL HDV
T7 SWCVDSL HDV

T7 tractor- DSL HDV

T7 tractor construction DSL HDV
T7 utility - DSL HDV

T71S GAS HDV
PTO-DSL HDV
SBUSDSL BUS

SBUS GAS BUS

UBUS DSL BUS

UBUS GAS BUS

Motor Coach- DSL BUS
OBUS GAS BUS

All Other Buses DSL BUS

2.5 Industry & Other

t!1¢l121 {Q LYRdAZAGNAIf a2z2Rdz S o0Lb50 A&
final energy consumption, @@missions, and measure implementation costs for
the 26 sectors, 7 Endses, and 5 fusllisted inTablel3, Table14, and

Tablel5. Energy accounting in the Industrial Module is performed through fuel
use projectios for each end use in each subsector, with emissions calculated
based on the fuels consumed. Note that rmanufacturing industrial activities,

like oil and gas exploration, oil refining, agriculture, and TCU each have their own

modules and are documenteskparately.
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Subsectos

Apparel & Leather

Mining

Cement

Nonmetallic Mineral

Chemical Manufacturing

Paper

Computer and Electronic

Plastics and Rubber

Construction Primary Metal
Electrical Equipent & Appliance Printing
Fabricated Metal Publishing

Food & Beverage

Pulp & Paperboard Mills

Food Processing

Semiconductor

Furniture Textile Mills

Glass Textile Product Mills
Logging & Wood Transportation Equipment
Machinery Miscellaneous

Tablel4: Industrial EndUses

Industrial EndUses ‘

Conventional Boiler Use

Lighting

HVAC

Machine Drive

Process Heating

Process Cooling & Refrigeration

Other

© 2017 Energy and Environmental Economics, Inc.
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Tablel5. Industrial fuels

_

Electricity

Pipeline Gas

Waste Heat

Diesel
Gasoline

The Industrial Module does not use a detaitdckroll-overmechanism through
which users implement measures. Instead, users implement energy efficiency
and fuel switching measures thalirectly lead to percentge changes in the
amount and type of energy consumed $pecificenduses, spanning all relevant
subsectos. Measure penetrations used in scenarios are intended to be
exogenouslyconstrained by a highevel understanding of constraints on the

depth or sped of deployment

This section describes methods for calculating final energy consumption (Section
2.5.7), CQ emissions (Sectiod.5.2), and energy system costs (SectiB.3) in

the Industrial Module.

2.5.1 FINAL ENERGY CONSUNM

Industrial electricity and natural gas use in PATHWAYS is based on linear
extrapolation of theCEGndustrial energy use forecasts (202024) made in
support of theCALEB 2010 repétt CALEBfecasts for these fuels are available

for each of the industrial subectors found in PATHWAYS. Industrial diesel

2 http://u c-ciee.org/downloads/CALEB.Can.pdf
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consumption in PATHWAYSteen calibrated to match the ARB emissions
inventoryin 2014 To complete baseline forecasts, linear regressiamesd to
extend electricity, natural gas, and diesel consumption volumes out to 2050.
Emissions inventory records show minimal gasoline usage in manufacturing
categories, so baseline gasoline usage is set to zero. Next, subsector fuel use is
allocated acres end uses using percentages drawn from @RUC Navigant
Potential Study, 20#3 Finally, natural gas and waste heat modifiers from the
industrial calculations of the CHP supply module, waste heat production
based on installed CHP capagcityd thernmal supply parametergn CA according

to the DOE and I are added to industrial energy use (note: net CHP natural
gas use can be negative), split across-setiors and end uses proportional to
their heating natural gas usage. In the official list ofgueatural gas is designated
aspipeline gas to reflect the possibility that low carbon synthetic anedeigved

gases could be blended with natural gas in the future.

13 http://Iwww.cpuc.ca.gov/General.aspx?id=2013
4 http://Iwww.eea-inc.com/chpdata/States/CA.html
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Equation54: Reference energy forecast for industrial engrgonsumption

YOO OO 080  Od 'O O°Y 6 00

New Subscripts

f fuel type electricity, pipeline gas, waste heat, diesel, gaso
y year Year of energy use

J subsector 26 subsectors iftablel3

e end use 7 end uses ifablel4

New Variables

FC.R Forecast of diesel usage for subsector j and year y; fuel typ
implied

FC.l Forecast of electricitysage for subsector j and year y; fuel ty
fis implied

FC.NG Forecast of natural gas usage for subsector j and year y; fuel
fis implied

ESs Energy share breakdown by subsector j, end use e, and fuel
f

CHRy CHP waste heat and fuedeifor subsector j, end use e, fuel ty
f,inyeary

RERy Reference industrial energy forecast for subsectonf] ase e,

fuel type f, in year

2.5.1.1 Energy impacted by measures

Equation55: Fraction of "impacted fuel" energy tdred by measures
000 dww Q¢e=————p ht YO
w w

New Variables
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FlFety fraction of "impacted fuel" altered per measure m, end use e, .
fuel type fin year y

Ysat saturation year

Ystart measure start year

Shhef "stock fraction" altered per measure m, end use e, and fuel t

fin the saturation year
Note that the impacted fuel calculation is forced by thexand min functions to
fall within limits of 0 and 1, representing the period prior to implememtatand

the period after complete saturation, respectively.

2.5.1.2 Energy Efficiency and Fuel Switching

Before the fuel energy change associated with efficiency can be calculated, fuel
switching must be accounted for. The fuel energy impacted, FEI, is the energy
consumption impacted by a given measure and is subtracted from the impacted

fuel type and added to the replacement fuel type. Thus it has no impact when the

impacted and replacement fuels are the same.

Equation56: Fuel energy swthed away from impacted fuel

"000 YOO "O000 00
New Variables
FEhety impacted fuel energy switched per measure m, end use e, and
type finyeary
E et "energy fraction" altered per measure m, end use e, and fuel ty

in the saturation year

© 2017 Energy and Environmental Economics, Inc. Page| 73|



The "fuel energy replacedFER) is the "fuel energy impacted" (Fiiusted for

any efficiency change described by the measure.

Equation57: Replaced fuel energy

"00'Y ‘000 p OO0

New Variables

FERey  replaced fuel energy per measure m, end use e, and replacemen
finyeary

EEher energy efficiency improvement per measure m, end use e,

replacement fuel f

Equation58: Final hdustrial energy

"®00 6 YOO "000 "00Y

New Variables

I.FEG industrial final energy consumption of fuel type f in year y

2.5.2 CQEMISSIONS

CO2 emissions from the industrial sectare composed of the final energy

demand multiplied by the delivered fuel emissions rates. Emission rates vary over
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time and are determined in the fuels modules of the model because the content
of pipeline gas, delivered electricity, and liquid fuels canrdmuced through

investments in decarbonizing supply side energy.

Equation59
@ (& "BO0E, 60 O
New Variables
1.COZ total industrial C@emissions in year y
CEFR net CQ emission factor for fuel type fin year y

Gross and net G@missions factors are only different for biomass, where the net

CQ emission factor is assumed to be zero.

2.5.3 ENERGY SYSTEM COSTS

Energy system costs are defined in PATHWAYS as the incremental capital and
energy cost of measures. We apply costs on a levelized ($ per energy) basis to the

impacted energy across both energy effncy and fuel switching.

Equation60: efficiency and fuel switching costs

006 "000 0 Op
a Q
New Variables
EEC annualized energy efficiency measure costs in year y
LEG levelized energy efficiency or fuel switching costs for measure
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2.5.4 REFINING

The Refining (REF) module captures enargd in the refining of oil into fuels

and other products. Refining Coke, Process Gas, and LPG usage data, spanning
2000 to 2011, come from the CARB GHG Emissions Inventory. Pipeline Gas
usage data comes from CEC's 2010 CALEB and spans 2012 to 2024egdl of

fuels are Hocated to gas utility service territoriggoportional torefinery

electricity demand (broken out by electric service territoBfectricity usage

data comes from the CEC's 2009 Energy Demand Forecast, and span 1990 to
2020. Fuels arextrapolated out to 2050 using linear regression and then split
across end uses using energy share data from the 2013 CPUC Navigant Potential
Study.End uses includ€onventional Boiler Use, Lighting, HVAC, Machine Drive,
Process Heating, Process Coolingeirigerationand Other. Process heating is

the biggest energy end use in refining by an order of magnitude and is met
primarily by Process Gas and Pipeline Gas. Waste Heat and Pipeline Gas usage
from REFRited CHP (calculated in the CHP module) are éiluéo complete the
reference case energy usage for REF with Electricity, Pipeline Gas, Coke, Process

Gas, LPG, and Waste Heat as fuels.

REF Measures directly reduce energy by an amount based on a stock impact
fraction multiplied by end use improvementti@, ramped in a linear fashion
from 0-100% between the measure start and saturation years. With selections
for impacted and replacement fuel categories, measure inputs allow fuel

switching as well as withifuel efficiency.

REF Demand Change Measuresioceddemand for all refining activity based on

a demand change fraction. Year by year reductions are calculated along a linear
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ramp from zero in 2015 to the year in which the demand change reaches 100%

of its potential, typically set to 2050.

2.5.,5 OIL AND GAS

The Oil and Gas Extraction (OGE) module captures energy used in tioti@xoh

oil and gas, which @dominated by Pipeline Gas. Pipeline Gas inputs are from CEC's
2010 CALEB modehnd span 2012 to 2024. Electricity inputs are from the CEC's
2009 20162020 Energy Demand Forecast, and span 1990 to 2020. Both fuels are
extrapolated out to 2050 using linear regressitvaste Heat and Pipeline Gas
usage from OGEited CHP (calculated in the CHP module) are added in to complete
the reference case energy usaipe OGE with Electricity, Pipeline Gas, and Waste

Heat fuels.

OGE Measures directly reduce energy by an amount based on a stock impact
fraction multiplied by end use improvement ratio, ramped in a linear fashion from
0-100% between the measure start andtwation years. With selections for
impacted and replacement fuel categories, measure inputs allow fuel switching as

well as withirfuel efficiency.

OGE Demand Change Measures reduce demand for all oil and gas extraction
activity based on a demand charfgaction. Year by year reductions are calculated
along a linear ramp from zero in 2015 to the year in which the demand change

reaches 100% of its potential. An important question for the future of OGE is

15 California Energy Balance Update and Decomposition Analysis for the Industry and Building Sectors
http://uc -cieeorg/downloads/CALEB.Can.pdf
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whether instate reductions in oil and gas will ttao decreases in igtate

extraction.

2.5.6 TRANSPORTATION COMMUATIONS AND UTIBES
Transportation Communications and Utilities (TCU) energy supports public

infrastructure, like street lighting and waste treatment faciliti8seet lighting is so
prominert that the TCU suoategories are "Street lighting" and "TCU Unspecified".
Although dominated by Electricity, fuels also include Pipeline Gas, with inputs for
both ranging from 1990 to 2024 from tHEPR 2014 Demand Forecdsid-Case
These are extrapolatl out to 2050 using linear regression. Waste Heat and
Pipeline Gas usage from T-6itéd CHP (calculated in the CHP module) are added
in to complete the reference case energy usage for TCU with Electricity, Pipeline

Gas, and Waste Heat fuels.

TCU measuredirectly reduce energy by an amount based on a stock impact
fraction multiplied by end use improvement ratio, ramped in a linear fashion from
0-100% between the measure start and saturation years. With selections for
impacted and replacement fuel categ@ijaneasure inputs allow fuel switching as
well as withinfuel efficiency. Because T@€hkergyusage is generally miscellaneous,
the most obvious and dominant efficiency measure is the LED conversion of

streetlights.

TCU Demand Change Measures reduce denfandtreet lighting (where they
might represent ddamping) and all other TCU activity based on separate demand
change fractions. Year by year reductions are calculated along a linear ramp from
zero in 2015 to the year in which the demand change reach@%1d its potential,

typically set to 2050.
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2,5.7 AGRICULTURE

The agricultural module (AGR) tracks #mergy use ophysical infrastructure of
agriculture, like buildings and pumps. Farm vehicles, like tractors, are tracked in
the Transportation (TRA) modubnd livestock, waste, and soil emissions are
tracked in the NofCQ module (NON). Agricultural Electricity and Pipeline Gas
consumption input data come from theEPR 2014 Demand Forecadid-Case

for years spanning 1990 to 2024. Gasoline usage come fremCARB GHG
Emissions Inventory for years 202011 and Diesel usage comes from EIA data
on Adjusted Sales of Distillate Fuel Oil by End Use for years20984 All fuels

are extrapolated out to 2050 using linear regression. Waste Heat and Pipeline Gas
usage from AGRited CHP (calculated in the CHP module) are added in,
proportional to Pipeline Gas usage, to complete the reference case energy usage
for AGR with Electricity, Pipeline Gas, Diesel, Gasoline, and Waste Heat fuels.
These fuels are allocatedrass end useblVAC, Lighting, Motors, Refrigeration,
Water Heating an€ooling, Process, and Miscellaneous according the percentage
breakdowns in the CPUC Navigant Potential Study fr2@i3 ® The
Miscellaneous category is essentially diesel used for pugnaind is the largest

energy use category.

AGR measures apply to individual end uses and directly reduce energy by an
amount based on a stock impact fraction multipliedasyend use improvement

ratio, ramped in a linear fashion from1®0% between the mease start and

16 http://docs.cpuc.ca.gov/PublishedDocs/Efile/GO00/M088/K661/88661468.PDF
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saturation years. With selections for impacted and replacement fuel categories,

measure inputs allow fuel switching as well as withiel efficiency.

AGR Demand Change Measures reduce demand for all agricultural activity based
on a final denand change fractions. Year by year reductions are calculated along a
linear ramp from zero in 2015 to the year, typically set to 2050, in which the

demand change reaches its final potential.

2.6 Water-RelatedEnergyDemand

t !¢l 21 {-Bneyyr ModNYWateModule) aims to capture the energy

demand associated with the procurement, treatment, conveyance and

wastewatertreatment of water in the state of California. While a small portion

of the overall energy demand in Californi@s§ than .% of total energ demand

or 75.83 GWh in 201y our methodology)water-related energy is included in

0KS Y2RSt Ay Ly STFF2NI (2 OFLINd2NBE GKS SyGaANBGe

¢CKS F2NBOlIadAy3a 2F GKA&a SySNEHE& RSYIYR 0S3IAya ¢
demand, wlich comes from the California Water P/ET.he California Water Plan

LINE2S0Ga 61 GSNJ RSYIFYR F2NJ SFEOK 2F [/ FEAFT2NY ALl Q&
sector (agriculture, industry, commercial and residential) from 2010 until 2050.

For reference, we providene 10 hydrologic regions and their respective water

demand allocations in 2010 Figure8.

17 State of California, Natural Resources Agency, Department of Water Resources. "The Strategic Plan." California
Water Plan: Update 2013 1 (20128 Feb 2015 http://www.water.ca.gov/waterplan/cwpu2013/final/
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Percent of 2010 Water Demand

Residential
Commercial
o Industrial

m Agriculture

Figure8. Ten California Hydrologic Regions

With yearly projections of water demand, PATHWAYS allows the aistafine

incremental water supply portfolios and calculates the electricity demand

laa20AF 0SSR gAGK YSSGAy3a GKS adldSQa o1 GSNJF
intensity of supply, conveyance, and treatment. The energy intensity and supply

portfolio options are described further in the following sections.

For industrial, commercial and residential demand, energy demand is broken into
four components: supply, treatment, conveyance and wastewater treatment. As
the energy intensities of treatment, conveyanaed wastewater components do

not vary significantly by sector, they are applied uniformly to the 3 sectors as

follows:
Tablel6. Energy Intensity of Water Supply by Component

Component Energy Intensity (kWh/Acrd-oot)
Treatment 100
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Conveyance 300

Wastewater Treatment 1008

For the supply component, we note that energy intensigries significantly
depending on the method of supply. Thus, this component is indexed by supply
method. Four supply proxies were chosen as the predantimeans of meeting
water demand over the projected period of time: desalination, reclaiming
(recycling) water, conservation and pumping groundwater. Their respective energy

intensities areshown below.

Tablel7. Energy Intensitpf Water Supply Options

Supply Proxy Energy Intensity (kWh/Acré-oot)

Desalination 2500
Reclaimed Water 1000
Conservation 0
Groundwater 600

2.6.1 REFERENCE WA'HERAED ENERGY DEMANIREOAST

The State Water Plan features several different projectioenarios for water

demand, with variation associated with population growth as well as changes in

urban and agricultural density. To be conservative, the Water Module utilizes the

water demand projections of the Current Trend Populati@umrent Trend

Densiy scenario (CTP ¢ 503X gKAOKZ +Fa GKS yIFIYS AYLX ASaz a&dz

18 This value will be adjusted to 500 kWh/Agreot in future versions of the model in an attempt to further improve
(iKS Y2RéEd.Qa I 00
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through 2050. Some figures are included below for comparative reference

between this scenario and others:

Tablel8. State Water Plan Scenarios and Indicators

Scenarid® 2050 Population 2050 Urban Footprint 2050 Irrigated Crop Arec
(millions) (million acres) (million acres}
CTPCTD 51.0 6.7 8.9
High Population 69.4 7.6 8.6
Low Population 43.9 6.2 9.0
High Density 51.0 6.3 9.0
Low Density 51.0 7.1 8.7

The CTRCTD scenario then uses its assumption about population growth and
development to project yearly demand in each demand sector in each hydrologic
region. Based on historical data, these projections show a lot of fluctuation (for
example, years 2023 dn2024 correspond to the droughts of 1976 and 1977).
Given the breadth of scope of the California PATHWAYS project and the smaller
role that the Water Module plays in it, the yetr-year detail of these projections

was replaced with a smoothed quadratiegression, resulting in the following

projection of denand by sector from 2010 to 2050.

9 Unless explicitly stated, assume current trends for population and density are used; e.g. High Gopslesi
higher than current population trends and current density trends.
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Figure9: Yearly demand (AF) by demand sector, 22050
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Note that this projection shows a decrease over time in water demand for
agriculture-related use. This is a characteristic of the California Water Plan, which
anticipates a decreasda irrigated crop aredas has been observed over the last

10 yearshnd, thus, a reduction in demand fagriculturalwater.

2.6.2 WATER SOURCE ENERGENSITIES

The various energy intensities used in the Water Module come from 2 different
sources and represerdur best attempt at generalizing figures that are highly
variable on a case by case basis. For example, the energy intensity of distributing
water can vanpy a factor of 50, depending on the terrain the water crosses and

the method by which it is transmitted. Using the Embedded Energy in Water
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Studies?® the energy intensities for supply (desalination, reclaimed water,
groundwater), treatment, conveyance amdstewater treatmentre calculated.

The GEI study provides summary data on the variation in energy intensity
observed across the state of California. Given the bounds on these figuges,
chose midrange energy intensities for each component of energgnded. For
industrial, commercial and residential demand, energy demand is broken into
four components: supply, treatment, conveyance and wastewater treatment. As
the energy intensities of treatment, conveyance and wastewater components do
not vary signifiantly by sector, they are agdpd uniformly across the nen
agriculturalsectors as follows (s€Eablel9). Energy intensities varignificantly
depending on the method of supply, sour supply proxies were chosen as the
predomirant means of meeting water demand over the projected period of time:
desalination, reclaiming (recycling) water, conservation and pumping

groundwater. Their respective energy intensities ksted below.

20 GEI Consultants, and Navigant Consulting. Embedded Energy in \Walies Study 2: Water Agency and
Function Component Study and Embedded EneVigster Load Profiles. CalifoenPublic Utilities Commission
Energy  Division, 5 Aug. 2011.  Web. 26 Feb. 2015. <ftp://ftp.cpuc.ca.gov/gopher
data/energy%20efficiency/Water%20Stagt202/Study%202%2020FINAL.pdf>.
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Tablel19. Energy intensitis by component for noragricultural water demands
in PATHWAYS

Component Observed Lower Bound Observed Upper  Mid-range
(KWh/AF) Bound (kWh/AF) Intensity
(KWh/AF)
Desalination 2,281 4,497 2,500
Supply Rssﬁzed 349 1,111 1,000
Groundwater 295 953 600
Treatment 14 234 100
Conveyance 15 837 300
Wastewater Treatment 1 1,476 100

Because agriculture has unique needs pertaining to water compared to the other
three sectors (such as lower standards for treatment and no wastewateg)ygy
intensity wasnot broken into these components but rather one energy intensity
factor was applied to the entire water demand associated with the sector. This
figure (500 kWh/AF) was informed by the User Manual for the Pacific Institute
Water to Air Modelé', who used tle same figure to represent the energy

intensity of supply and conveyance for agricultueéated water demand.

21 \Wolff, Gary, Sanjay Gaur, and Maggie Winslow. User Manual for the Pacific Institute Water to Air Models. Rep.
no. 1. Pacific Institute for Studies in Development, Environment, and Security, Oct. 2004. Web. 26 Feb. 2015.
<http://pacinst.org/wp-content/uploads/sites/21/2A3/02/water_to_air_manual3.pdf>.
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2.6.3 WATER SUPPLY PORTEOL

Final Energy Demand Projection _

PATHWAYS relies on historical data to characterize the energy intensity

associated with water demand in 2010 and allaiws user to specify portfolio

compositions for meeting incremental water demands by sector from 2010 to

2050. Note that Conservation is treated as a zenergy intensity supply source,

rather than a demand modifier, so the water demand in PATHWAYS will no

account for reductions related to conservation not already included in the

California Water Plan. Supply portfolios are interpolated between-deéned

portfolios at specific years. The portfolio options are listed below.

Table20d G ¢ 2RI & Qa

LRNIF2t A2Y

/ dZNNByYyd &1 SN L2

Supply Proxy Agriculture ‘ Industrial Commercial Residential
Desalination 0% 0% 0% 0%
Reclaimed Water 0% 40% 40% 40%
Conservation 0% 10% 10% 10%
Groundwater 100% 50% 50% 50%

Table21® &1 AIK DNRBdzyRgl G4SNJ 9

wSOf F AYSRE t2NIF2f

Supply Proxy Agriculture ‘ Industrial Commercial Residential
Desalination 0% 10% 10% 10%
Reclaimed Water 0% 40% 40% 40%
Conservation 0% 10% 10% 10%
Groundwater 100% 40% 40% 40%

Table22d &1 A3K wSOf | AYSRE

t 2NIGF2f A2

Supply Proxy Agriculture ‘ Industrial Commercial Residential
Desalination 0% 20% 20% 20%
Reclaimed Water 0% 40% 40% 40%

© 2017 Energy and Environmental Economics, Inc.
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Conservation 0% 20% 20% 20%
Groundwater 100% 20% 20% 20%

Table23a AESRZ [ 26 DNRdzyRgl GSNE t 2Nl F2€ A2

Supply Proxy Agriculture Industrial Commercial Residential

Desalination 0% 25% 25% 25%
Reclaimed Water 0% 40% 40% 40%
Conservation 0% 25% 25% 25%
Groundwater 100% 10% 10% 10%

Table24. Mixed, No Groundwater

Supply Proxy Agriculture ‘ Industrial Commercial Residential
Desalination 0% 25% 25% 25%
Reclaimed Water 0% 45% 45% 45%
Conservation 0% 30% 30% 30%
Groundwater 100% 0% 0% 0%

Table25. Mixed, Low Conservatio

Supply Proxy Agriculture ‘ Industrial Commercial Residential
Desalination 0% 0% 25% 25%
Reclaimed Water 0% 0% 55% 55%
Conservation 0% 0% 10% 10%
Groundwater 100% 100% 10% 10%
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2.6.4 WATERRELATED MEASEMR

Some measures defined in the energy sectors in PATF8Mave implications for
water demand ¢ for example, urban water efficiency programs can be
implemented as demand change measures in the Commercial and Residential
sectors under \ater heating measures These reduce both water demand and
energy demand. The&/ater Module in PATHWAY'S does not interact dynamically
with these types of demand change measures, so the user must specify parallel
measures in the Water Module to reflect water demaredated impacts. This can

be achieved through the supply portfolio cpwsition, specificallyby increasing

the contribution of Conservation as a water supply source.

2.6.5 INTEGRATION OF WATRIR_ATED LOADS INTHRWAYS

Water-related loads are incorporated into the electricity module using two
different approaches. Desalination lds which may be used in the electricity
module to help balance renewables, are allocated into weekly electricity demand
based on seasonal trends in the demand for water in the sectors that are supplied
by desalination (commercial, industrial, and residahtin the scenarios
investigated in PATHWAY Bidustrial water demand is assumed to be flat over
the course of the year. For residential and commercial demand, the Metropolitan
2 GSNJ 5AaGNRAROG 2F {2dziKSNYy /IfAFT2NYAlI Q4 R
member agencies for 2012 were used as representative distributions of water
demand over the 12 months of the year. The resulting weekly desalination loads
are then included in the electricity sector as flexible loads with a-deéned

load factor and moded using the same approach applied to grid electrolysis and

power-to-gas. The default load factor for desalination plants is 79%, which allows
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the resource to follow the seasonal variation in demand, but not provide

significant flexibility to the grid.

Al other electricity demands related to water (naesalination supply,
treatment, conveyance, and wastewater treatment) are included in the TCU
sector (transportation, communications, and utilities) annual electricity demand
and are shaped throughout theegir using the load shaping module described in

the Electricity Sector documentation.
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3 Energy Supply

The final energy demand projectiodsscribedaboveare used to project energy
supply stocks and final delivered energy prices and emissions. This thakes
PATHWAYSupply and demand dynamic and alloRATHWAY® determine
inflection points for emissions reductions and costs for each final energy type (i.e.
electricity, pipeline gas, etc.) as well as opportunities for emissions reduction
using a variety afiifferent decarbonization strategieBRATHWAYi@odelktwelve
distinct final energy types listed ifable26 that can be broadly categorized as
electricity, pipeline gas, liquid fuels, and other. For each finalrgneype,
PATHWAY®odek different primary energy sources and conversion processes.
Additionally, PATHWAY®odek delivery costs for some final energy types. The
methodology for calculating the costs and emissions of these supply choices is

describedn this section.

© 2017 Energy and Environmental Economics, Inc. Page| 91|



Table26. Finalenergytypes

Energy Type Energy Type Category

Electricity Electricity

Pipeline Gas Pipeline Gas

Liquefied Pipeline Gas (LNG)

Compressed Pipeline Gas (CNG)

Gasoline Liquid Fuels

Diesel

Kerosem-Jet Fuel

Hydrogen

Refinery and Process Gas Other

Coke

LPG

Waste Heat

3.1 Electricity

The electricity module simulates the planning, operations, cost, and emissions
of electricity generation throghout the state of Californidhis module
interactswith each of the energy demand modules so that the electricity system
responds in each year to the electricity demands calculated for each subsector.
Both planning and operations of the electricity system rely not only on the total

electric energy demandut also on the peak power demand experienced by
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the system, so the module includes functionality to approximate the load shape
from theannual electric energy demanbhteractions between the load shaping,
generation planning, system operations, andaeue requirement modules are
summarized irFigurel0. The subsector energy demand calculated within each
sector demand module first feeds into a Load Shaping module to buhdanty

load shape for each year indlsimulation. This load shape drives procurement

to meet both an RPS constraint and a generation capacity reliability constraint in
the Planning Module. System operations are then modeled based on the
resources that are procured in the Planning Module #redannualload shapes,

and finally the results of the operational simulation and the capital expenditures
from the Planning Module are fed into simplified revenue requirement and cost
allocation calculations. The outputs of the Electricity Module include:

generation by resource type and fuel type, electricity sector emissions,
statewide average electricity rates, and average electricity rates by sector. Each

sub-module is described in this section.
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Figure10. Summary of electrity module
3.1.1 LOAD SHAPING

Single year hourly load shapes were derived for 18 sectors/subsectors based on
available hourly load and weather data. For each subsector, shapes were
obtained from publicly available data sources, including DEER 2008, DEER 2011,
CBJS, BeOpt, and PG&E Static and Dynamic load shapes. For each temperature
sensitive subsector, corresponding temperature data was obtained from each of

the 16 climate zones.
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3.1.1.1 Load Shaping Methodology

The load shaping module first requires normalizatioreath input load shape
from its corresponding weather year to the simulation year. This process occurs
in two steps. First, the load shape is approximated as a linear combination of the
hourly temperature in each climate zone, the hourly temperatureaaleclimate

zone squared, and a constant. This regression is performed separately for
weekdays and weekends/holidays to differentiate between behavioral modes on

these days.

Equation61.

e Bg it g gte g T8

where® is the input load shapé) is the hourly temperature in climate zor@

in the weather year associated with the input load shape, @ando , and®

are constants. Next, the hourbgmperature data for the simulation year in
PATHWAYS is used to transform the input load shapes into the same weather

year. This process also occurs separatelywimkdays and weekends/holidays.

Equation62.

« Bg FJ_L+. g 'H"‘:'fl & 5

where & is the hourly temperature in climate zon®in the PATHWAYS
simulation weather year. Each set of weekday and weekend/holiday shapes are
then combined into a single yearlong hourly shapentiich the weekend/holiday

schedule of the PATHWAYS simulation year. This results in 61 load shapes that
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reflect the same weather conditions and weekend/holiday schedules as the
PATHWAYS simulation year.

The next step is to combine the load shapes to befitct both the total historical
hourly load and the annual electricity demand by subsector. The model achieves
this by normalizing each load shape so that it sums to 1 over the year and
selecting scaling factors that represent the annual electricityaied associated

with each shape. These scaling factors are selected to ensure that the total
electricity demand associated with the load shapes in each subsector sums to the
electricity demand in that subsector in a selected historical year. An optiorizat
routine is also used to minimize the deviation between the sum of the erergy
weighted hourly load shapes and the actual hourly demand in the same historical
8SIFNE o6l &SR 2y RFGF FNRY GKS /!'L{hQa

The optimization routine includes two adidinal sets of variables to allow for
more accurate calibration to the historical year. The first set of variables
addresses limitations in the availability of aggregate load shapes by subsector.
Because some of the load shapes being used represengke $inusehold or a
single building, aggregation of these shapes may result in more variable load
shapes than are seen at the system level. To account for this, the model shifts
each load shape by one hour in each direction and includes these shifted load
shapes in the optimization in addition to the original load shape. The model then
selects scaling factors for each of the three versions of each shape to

automatically smooth the shapes if this improves the fit to hourly historical data.

In addition to thke load shape smoothing variables, a set of constants are also

included in the model for each subsector. This allows the model to translate load
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shapes up and down (in addition to the scaling) to best approximate the hourly

historical load. The scaling facs and constants solved for in the optimization

routine are then used to construct a single shape for each subsector.

These

shapes are input into PATHWAYS and are scaled in each year according to the

subsector electricity demand to form the systemide hourly load shape.

Example load shapes derived using this process are shokigunell. At left,

the average daily load shape for weekdays in September corresponding to

historical 2010 demand is shown. For illustration, el shape at right reflects

the impacts of reducing all lighting demands by 50% from the 2010 historical

demand.

40,000

35,000

30,000
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Load (MW)

15,000
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Figurell. Example load shaping: impact of 50% reduction in lighting demand in
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routine as a linear combination of all of the available load shapes and a constant.

After the optimization routine has solved, the difference between the historical

© 2017 Energy and Environmental Economics, Inc.
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hourly demand and the aggregated hourly shape of all defined subsectors is
normalized to sum to Bnd this shape is used to represent any subsectors in

PATHWAYS that lack specific load shape information.

3.1.2 GENERATION PLANNING

The aggregate load shape is used to inform generation planning, which occurs in
three stages: usespecified resources, renewablpolicy compliance, and

reliability requirement compliance. These are described below.

1. Specified Resourcegor systems in which resource plans are available,
the user may specify the capacity (in MW)afannual energy (in GWh)
from, each generating @ 2 dzZNDS Ay SHiOdDepe®leénNI Ay (GKS «
Generator Attributes G 0 f S @ +AyidlFr3Sa Ydzad Ffaz2 o60S &dz
fleet of specified resourceso that they can be retired at the end of their
useful life. Early retirement can be imposed by reducing thd tota
installed capacity of a resource type in future years. The model will
retire resources according to age (oldest retired first) to meet the yearly
capacities specified by the user. In addition, the model will replace
generators at the end of their usdflife with new resources (with
updated cost and performance parameters) of the same type to
maintain the user specified capacity in each year. If the resource
capacities are not known after a specific year then the user can specify
GKS OF LI OhaéelryRrR aBSaNVBRSE gAftf NBUANBE NBazc

replacement at the end of their useful lifetimes.
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2. Renewable EnergZomplianceln the second stage of generation
planning, the model simulates renewable resource procurement to
meet a usesspecified renewabl@ortfolio standard (RPS). In each year,
the renewable net short is calculated as the difference between the RPS
times the total retail sales and the total sum of the renewable
generation available from specified resources and resources built in
prior yeass. This renewable net short is then supplied with additional
renewable build according to useefined settings. The user can define
resource composition rules in each year or a subset of years (eg. If the
user specifies 50% wind and 50% solar in 20308884 solar and 20%
wind in 2050, the model will fill the net short in 2030 with 50% wind and
50% solar and will linearly interpolate between this composition and
80% solar, 20% wind by 2050 for filling the net short in all years
between 2030 and 2050).

Orce the renewable build and composition is determined for each year,
PATHWAYS selects resources from the same database that is used by the
RPS Calculator to meet the specified procurement strategies in a least
cost way. For example, if the model calls f@D GWh of solar resources

to be procured in a given year, PATHWAYS will select solar resources on
a leastcost basis to meet the energy target of 1,000 GWh/yr. The costs
of these resources then feed into the renewable generation fixed cost
component of he revenue requirement calculation. The database also
includes transmission costs for each project, which feed into the
transmission fixed cost component of the revenue requirement

calculation.
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3. Reliability procurement.The final stage in generation plangirs to
ensure adequate reliable generating capacity to meet demand. In each
year, the model performs a loa@source analysis to compare the
reliable capacity to the peak electricity demand. The reliable capacity
of the renewable resources is approxited by the total renewable
generation level in the hour with the highest net load in the year, where
the net load equals the total load minus the renewable generation. The
reliable capacity of dispatchable resources is equal to the installed
capacity. Whn the total reliable capacity does not exceed the peak
demand times a usespecified planning reserve margin, the model
builds additional dispatchable resources with a usgecified
composition in each ye&t. The default planning reserve margin is
equalto 15% of peak demand. The final resource stack determined for
each year by the electricity planning module feeds into both the system
operations and the revenue requirement calculations. These

calculations are described in the following sections.

3.1.3 SYSTH OPERATIONS

System operations are modeled in PATHWAYS using a loading order of resources
with similar types of operational constraints and a set of heuristics designed to
approximate these constraints. The system operations loading order is

summarized inFigure12. The model first simulates renewable and must

22 KAt S LISF] RSYFLYR YR NBySglkofS 9[// Q& NB FLILINBEAYIGSR
contributions to economywide cost and carbon emissions, the fitlebf the PATHWAYS model is not adequate to

inform quantitative electricitysystem planning studies, so these parameters should not be examined for use in

more detailed planning or operational studies.
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generation; then approximates flexible load shapes; dispatches esienggd
resources, like hydropower; dispatches energy storage resources; simulates
dispatchable themal resources with a stack model; and finally calculates any
imbalances (unserved energy or renewable curtailment). The outputs of the
Operational Module include: generation by resource, annual operating cost,

renewable curtailment, and exports of eleciity.
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1. & 2. Renewable
and must run gen.

3. Flexible Load
Shaping

4. Energy-limited
resource dispatch

Operational 9. Energy storage
constraints simulation

6. Dispatchable
stack model

7. Energy
Imbalance

Figurel2. Summary of Electricity System Operations logic

Consistent with this modeling framework, generation resources must each be

classified into one of the following operational modes: must; variable
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renewable; enegy-limited; and dispatchable. These classifications are listed for

the resource types in this analysisliable27.

Table27. Operational modes by resource type

Technology Operational Mode

Nuclear Must-run

CHP Must-run

Coal Dispatchable
Combined Cycle Gas (CCGT) Dispatchable
CCGT with CCS Dispatchable
Steam Turbine Dispatchable
Combustion Turbine Dispatchable
Conventional Hydro EnergyLimited
Geothermal Must-run
Biomass EnergyLimited
Biogas EnergyLimited
Small Hydro Must-run

Wind Variable Renewable
Centralized PV Variable Renewable
Distributed PV Variable Renewable
CSP Variable Renewable
CSP with Storage Variable Renewable

3.1.3.1 Must run resources

Must run resources are modeled with constant outmgual to their installed

capacity times their availability after considering outages in each year or with
constant output that sums to the input annual energy, depending on user
specifications. These resources run regardless of the conditions on thensyste

and are therefore scheduled first.
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3.1.3.2 Variable renewable resources

Variable renewable resources include any resource that has energy availability
that changes over time and has no upward dispatchability. This includes all wind
and solar resources. For émof these resources, a resource shape is selected,
which characterizes the maximum available power output in each hour. These
shapes are scaled in each year to match the total annual energy generation
determined by the renewable procurement calculatiolhese resources can
either be constrained to never generate in excess of these scaled renewable
shapes (curtailable) or constrained to generate at levels that always exactly match
the scaled renewable shapes (rourtailable). The curtailment is affectdxy

both the load and the ability of other resources on the system to balance the
renewable resources. Renewable curtailment is therefore approximated as a
system imbalancafter all other resources have been modeled. The curtailability

assumptions for ariable renewable resources are summarizedatle28.

Table28. Operating assumptions for renewable resources

Technology Able to Curtail?
Geothermal No
Biomass No
Biogas No
Small Hydro No
Wind Yes
Centalized PV Yes
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Technology Able to Curtail?

Distributed PV No
CSP Yes
CSP with Storag Noz

3.1.3.3 Flexible Loads

Flexible loads are modeled at the subsector level. For each demand subsector,
the user specifies what fraction of the load is flexible and the number of hours
that the load ca be shifted. The model approximates each flexible load shape as
the weighted sum of a 100% rigid load shape component and a 100% flexible load
shape component, which in the most extreme case can move in direct opposition

to the hourly rigid load shapoer the course of each week:

Equation63.
0 p w0 &0

where 0 is the subsector load shape with no flexibili,is a perfectly flexible
load shape, andis a coefficient between 0 and 1. dst flexible loads are not,
however, perfectly flexible. When an energy service can only be shifted by a
limited amount of time, the portion of the load that acts as perfectly flexible in
Equation26 must account for this limitabn. In PATHWAYS, this is accomplished

with the following approximation. For each subsector, the load shape is shifted

23CSP with Storage resources must generate accotditige hourly shape in each hour, but the hourly shape
utilizes the energy storage module logic to approximate the dispatchability of these resources.

© 2017 Energy and Environmental Economics, Inc. Page| 105



over various time durations. For each shift duration, the resulting load shape is
approximated by a linear combination of the origitedd shape and an inverted

load shape (the average loaginus the original load shape):

Equation64

wherei is the time shift and) is the average db over the time sca of interest
(one week for most loads, but one year for loads that can provide seasonal
flexibility). The coefficient®anddcan be found for each subsector as functions

of i using least squares fits to the load shape data. In PATHWAYS, a lozahthat
shift byi hours providles——— of load that can act in complete opposition to
the original load shape. This portion of the partially flexible load is therefore
conservatively modeled as completely flexible. PATHWAYS steres— for

each subsector and various valuesiodnd uses these functions to approximate

win Equation63:

Equation65.

where Qs the portion of the sulesctor load that can be shiftedhours. BothQ
andi are inputs that must be provided by the user for each subsector in each
case. The flexible portion of the load in the modelisamically shaped to flatten

the net load (load net of musiun resouces and variable renewables) on a
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weekly basis or on an annual basis in each year. The flexible load dispatch

therefore changes both with demand measures and renewable supply measures.

Figurel3. Example of flexible load shifig ¢ 5% of the gross load assumed to be
100% flexible within the week.

The effects of introducing flexible loads on the total net load is showkigare

13for an example week in which 5% of the gross load is approximated & 100

flexible within the week.

In addition to subsectelevel flexible loads, flexible fuel production (electrolysis
to produce hydrogen, power to gas, compression of pipeline gas, and liquification
of pipeline gas) and desalination is modeled in PATHWAYi8se Toads are
modeled asegativeenergylimited resources (described in section 1.1.3.5), with

seasonal energy constraints. Produced fuels (hydrogen, compressed pipeline gas,
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